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1. Introduction

In 2017 the HL7 Domain Analysis Model: Clinical Sequencing was published. It cataloged the
breadth of genetic/genomic testing use cases and clinical scenarios with focus on clinical se-
quencing, drawing use cases from a number of stakeholders. It discussed current challenges
and lessons learned, and raises questions to consider for future implementations. While this
document discusses the use of hew technology (e.g. Next Generation Sequencing or NGS), it
must be remembered that the vast majority of clinical genetic testing is still performed on
testing platforms that were in use years ago, and it is the goal of the Clinical Genomics Work
Group to facilitate interoperability of genetic/genomic data, independent of specific genetic
testing platforms or methodologies. Following the Clinical Sequencing Domain Analysis Mod-
el: Clinical Sequencing, this document is part of an effort to develop a Clinical Genomics
Domain Analysis Model (CG DAM) by expanding the use cases to the overall clinical genomics
field.

Figure 1: The figure below summarizes the document’s transformations since 2017, with a
focus on updated as well as added materials.
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1.1. Purpose

The HL7 Domain Analysis Model: Clinical Genomics should be used to inform standards de-
velopers and implementers for the design of scalable, interoperable solutions covering the
breadth of clinical genetics/genomics scenarios.

1.2. Audience

This document is designed to be used by analysts and developers who require guidance on
incorporation of genomic data in clinical care and translational research IT environments. In
addition, developers of genomic and healthcare IT data standards may use this guide to ex-
tend these standards for support of clinical sequencing. Users of this guide must be familiar
with the details of HL7 message construction and processing. This document will not serve as
a tutorial on that subject.

1.3. Scope

This initial version toward a domain analysis model begins by detailing a variety of use cases
key to personalized genomic medicine and translational research, including more typical
scenarios for testing of a person’s inherited or germline genome, cancer genomics/tumor
profiling, early childhood developmental delay, neonatal testing, and newborn screening. In
addition, each use case may include several scenarios where test results are manually trans-
lated from reports into either a tool for clinical decision making (e.g. family history or drug
dosage calculator) or for public health reporting for cancer registries. While not in scope for
this publication, for future publications of this DAM, it would be useful to add more specific
information models for various use cases. Ideally, the DAM use cases and semantics repre-
sented in these information models could then be used in the design of specifications across
clinical genomics, so that instances compliant with these specs can be mapped with no loss
of the intended semantics.

1.4. Assumptions

Assumptions are summarized as follows:

e Infrastructure is in place to allow accurate information exchange between information
systems.

e Providers access laboratory test results through either an EHR or a clinical information
system.

e Trading partners agree to all standards, methodologies, consent, privacy and security.

e The order, paper or electronic, associated with the laboratory result contains sufficient
information for the laboratory to construct the laboratory result properly.

e Privacy and security has been implemented at an acceptable level based on specifications
that are handled by other standardization work groups.

® |egal and governance issues regarding data access authorizations, data ownership and
data use are outside the scope of this document.

HL7 Domain Analysis Model: Clinical Genomics Page 12 of 96
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2. Use Case Stakeholders
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Stakeholder

Contextual Description

Anatomic & Surgical
Pathology;
Hematopathology

For cancer profiling (i.e. genetic testing of cancer specimens), the
pathologic diagnosis will play a key role in testing and interpreta-
tion of the findings

Geneticist /
Medical Geneticist /
Molecular Pathologist

Professionals interpreting the clinical implications of a patient’s
genetic data. These professionals may work within the laboratory
setting or outside the laboratory

Treating Clinicians

Healthcare professionals making a diagnostic, treatment, or pre-
ventative decision or recommendation, based on the genetic/ge-
nomic information

Healthcare Entities

Organizations delivering healthcare

Prior authorization
personnel

Agents or employees of a Healthcare Entity whose responsibility is
to identify and enable the prescription of high-cost genetic and
genomic treatments

Informaticists

Individuals responsible for the integration of genomic data into
local EHR and other clinical systems

Clinical Data and
Knowledge Manage-
ment / Delivery

Entities that provide local governance of clinical data, knowledge
management, delivery of knowledge to the point of care (e.g. im-
plementation of genomic-based CDS rules)

Healthcare Payors

Healthcare Insurers and Centers for Medicare & Medicaid Services

Information Technolo-
gy Vendors

Vendors supplying information technology solutions and support

Laboratories - Refer-
ence

Testing laboratories outside the hospital environment either as a
separate corporate entity or separate unit of the same organiza-
tion

Laboratories - Hospi-
tal

Testing laboratory which is part of the hospital entity and hospital
laboratories

Manufacturers/ Dis-
tributors

Entities involved in the development, production, and distribution
of products used in healthcare (e.g. in vitro diagnostic tests)

Patients / Individuals

Members of the public that use healthcare and wellbeing services

Public Health Agencies

Agencies which help to protect and improve health and healthcare
of the public (e.g. CDC)

Registries

Systems for the collection, analysis, and distribution of data for
the improvement of public health

Genetics Standard Or-
ganizations

Organizations that create standards (HGVS, GA4GH, HGNC, LOINC,
CDISC SDTM-PGx etc.)

Public reference
databases

NCBI (e.g. Gene, ClinVar), EBI, COSMIC, LSDB, CDISC SHARE etc.

HL7 Domain Analysis Model: Clinical Genomics
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Professional organiza-
tions

Academies of Medicine, College of American Pathologists, Ameri-
can College of Medical Genetics

Grant-funded consor-
tiums

Grant-funded organizations disseminating data (PCORI, Undiag-
nosed Diseases Network, etc.)

Producers of open

source tools Broad Institute, NCBI, EBI, SMART, ClinGen

Internal and External Systems for Stakeholder Groups
Hanltheam Provider

Patlenr Nystems e s Laboratery Nysiems Genetclsr Sysiems
1R EHR: NCBI Databases: NCEBI Databases:
e Controlian medica’ r2cord, I2b order Kz132q, dbSNE, doVar, RefSeq, dbENF ZbVar,
(Fadam Controliec)
LA s Aaniry, Ishpatnagy OV PihMad Canafie: OMV FusNas2 Canstics
results, clinlcal guidzines, Homre Rference. Home Sefemancs,
B-0873C1 plon, image Ganslasis.ong Cenelgs .oy
Pat Il B la _m:mzl::_\', dlinica
'Dan af FHR) CeTIson suspartsystems, . =
spacalond crencal Lab Inforelion Genelic Datatases/
madilez & family sistery Management System, Knowledgahase Gens,
e Bloinformatic Pipeline, Disease, Ethncty
Results Databoss ([garmiina & snmakc)
¢ a1k ’ family mistary analyzis
Genetic Data Repository
(zentaining pabent

VAT NS CTARMQUATCR)

.

’

Cenetic Kromedgebasa

.

Figure 2.1-1: Systems for stakeholders. The above figure separates various internal and external systems into rele-
vant the healthcare categories of patient, healthcare provider, laboratory, and geneticist.

3. Issues and Obstacles

Numerous challenges exist in the area of policy, patient and clinician education, and reim-
bursement, which include adoption of electronic health records and laboratory information
management systems and data security. These challenges are beyond the scope of this doc-
ument, unless requiring consideration within the information technology solutions (e.g. clin-
ical decision support). Key challenges for information technology addressed in this document
include interoperability among various systems and useful structuring of genomics data. This
document informs information technology vendors of key functionality for clinical sequenc-
ing and outlines considerations for healthcare providers and laboratories investing in infor-
mation technology.

HL7 Domain Analysis Model: Clinical Genomics Page 15 of 96
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3.1.Laboratory Regulations and Accreditations

The laboratory is one of the most stringently regulated entities in the field of healthcare. As
such, proper compliance in the laboratory environment is necessary to ensure interoperabili-
ty and safety. A clear distinction between laboratory regulations and accreditations is impor-
tant to standardization and efficiency.

May 2018

Laboratory Regulations and Accreditations
Full Name Type Goal Applicability
CAP | The College [Accredita- | Helps laboratories All laboratories
of American | tion meet CLIA require- and other health-
Pathologists ments and ensure care organiza-
Accreditation compliance through tions
Program the guidance of the
most comprehensive
scientifically en-
dorsed laboratory
standards
CLIA | Clinical Lab- |Regulation | To establish standards | All laboratories
oratory Im- for all laboratory performing test-
provement testing and ensure ing of human
Amendments the accuracy and re- | specimens for
liability of patient health assess-
test results ment; in all set-
tings including
commercial, hos-
pital, and physi-
cian office labo-
ratories
FDA Food and Regulation | Assuring the applica- |Laboratory with a
Drug Admin- tion of current good | blood collection
istration manufacturing prac- | center or transfu-
tice regulations sion services
(cGMP) to blood

HL7 Domain Analysis Model: Clinical Genomics
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HIPAA [ Health Insur- | Regulation | To improve and se- All laboratories
ance Porta- cure the electronic and other health-
bility and transmission of health | care organiza-
Accountabili- information tions
ty Act

TJC The Joint Accredita- | Assures that the ac- Hospital laborato-
Commission | tion credited organization |ries, Reference
has demonstrated laboratories,
compliance with the | Physician office
most stringent stan- | laboratories, As-
dards of performance | sisted reproduc-
(CLIA included), fo- tive technology
cuses on operational | laboratories, Clin-
systems critical to the | ics etc.

safety and quality of
patient care

3.2. CLIA

The Clinical Laboratory Improvements Amendments of 1988 (CLIA) sets forth the conditions
that all laboratories must meet to be certified to perform testing on human specimens in the
United States.

CLIA’s purpose is to guarantee high-quality laboratory procedures, and its jurisdiction ex-
tends to approximately 254,000 laboratory entities. Electronic laboratory data and its for-
matting under United States law has and will continue to be impacted most by the regula-
tions involving the implementation of CLIA. More information on the specific guidelines and
mandates of CLIA and their role in clinical genomics will be outlined further at a later time.

Data indicates that CLIA has helped to improve the quality of laboratory testing in the Unit-
ed States through a survey process that is education-oriented and quality-focused. Within

CLIA inspected laboratories, the total number of quality deficiencies has been shown to de-
crease approximately 40% from first laboratory surveys to the second and further on subse-

quent surveys (https://www.cms.gov/Regulations-and-Guidance/L egislation/CLIA/Program_Descriptions Pro-
jects.html) .

CLIA Overview:

HL7 Domain Analysis Model: Clinical Genomics Page 17 of 96
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All entities that meet the definition of a “laboratory” under CLIA regulations are required to
obtain an applicable CLIA certificate prior to conducting any testing on human specimens.

According to CLIA, a laboratory is defined as: “a facility for the biological, microbiological,
serological, chemical, immunohematological, hematological, biophysical, cytological, patho-
logical, or other examination of materials derived from the human body for the purposes of
providing information for the diagnosis, prevention, or treatment of any disease or impair-
ment of, or the assessment of the health of, human beings. These examinations also include
procedures to determine, measure, or otherwise describe the presence or absence of various
substances or organisms in the body.”

If an entity meets the requirements for being defined as a laboratory, CLIA and its subsidiary
regulations are applicable. Specifically, a laboratory is applicable for CLIA regulation when:

e The entity reports patient-specific results to another entity AND

e The reported results are utilized or are intended to be utilized for any analysis per-
taining to the health of human beings

CLIA & Sequencing

One approach institutions have taken to integrate clinical sequencing into an existing CAP/
CLIA-accredited laboratory is to incorporate sequencing with step-wise procedures, as with
cytogenetics. The alternative approach is to establish a new CLIA-compliant laboratory or
make an existing genomics core facility CLIA-compliant.

Potential issues (Kirkup, Benjamin C., Steven Mahlen, and George Kallstrom. "Future-genera-
tion sequencing and clinical microbiology.” Clinics in laboratory medicine 33.3 (2013):
685-704) to consider include:

e implementing qualified key laboratory personnel as well as a CLIA-qualified director

e appropriate space to allow for a unidirectional workflow separating pre- and post-am-
plification processes

e developing a validation study and implementation plan for each assay offered and
participating in a CLIA-approved proficiency test or sample exchange program

e having an experienced quality program manager to oversee the quality program and
document management system

e having the financial resources to invest in developing and operating this unique regu-
latory environment

Sample Requirements for Cytogenetic Testing:

A laboratory that provides services in the field of clinical cytogenetics must meet require-
ments from several sections of the CLIA document. A sampling of CLIA-specific requirements
are outlined below:

Procedure Reporting Personnel
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The College of American Pathologists (CAP) Laboratory Accreditation Program offers the most
scientifically rigorous, laboratory-customized checklist of requirements to certify and ac-
credit the entire spectrum of laboratory procedures and tests.

Its utility is twofold-- CAP accreditation assists laboratories in meeting CLIA regulatory re-
quirements and helps to assure and maintain accurate test results and patient diagnosis. The
Centers for Medicare and Medicaid Services (CMS) the responsible entity for CLIA certifica-
tion has granted the CAP Laboratory Accreditation Program deeming authority, which allows
for a CAP inspection in the place of a CLIA inspection. It is also recognized by the Joint
Commission, considered the gold standard of certification programming, and can also be
used to meet several state certification requirements.
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The College of American Pathologists (CAP) accreditation checklists contain requirements
that are updated yearly to reflect advancing technologies. Additionally, these checklists con-
tain are discipline-specific questions. These questions in each checklist cover proficiency
testing, quality control, and quality improvement activities including supervision, the proce-
dure manual, specimen collection and handling, reporting of results, reagents, instruments
and equipment, individual tests performed in that laboratory section, personnel require-
ments, physical facilities, and safety. Discipline-specific checklists are available by purchase.

3.4.Next Generation Sequencing: CAP Checklist

The large volumes of data produced by NGS procedures, as well as the associated composite
computational analyses, have necessitated a creation of new requirements specific to bioin-
formatics for assessment and implementation of new technology and software releases, for
record keeping and validation, quality control and monitoring, as well as data storage.

Accordingly, CAP has classified NGS testing and procedures into two central analytical pro-
cesses:
e A wet bench process, including
o Sequence generation
o Specimen handling
o NGS library preparation
e Abioinformatics process, including
o Software-aided variant prioritization/interpretation
o Sequence alignment and assembly
o Variant calling and annotation

Each of these processes have their own specific requirements, and these NGS-specific CAP
requirements have been updated as of July, 2015. For ease of understanding, the require-
ments can be summarized and sorted into five major areas:

Laboratory Policy

e The laboratory creates policies for:
o Selection/evaluation of reference facilities for NGS procedures
o Indications for confirmatory testing
o Performing the wet-bench analytical process to generate NGS data

Records/Reporting
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e The laboratory maintains records/reports for:

o Tracking specimens referred to other facilities involved in NGS test-
ing

o Patient specimens for which steps differ from written procedures

o Methods, instruments, and reagents used for processing and analyz-
ing samples

o Interpretation and reporting of sequence variants

o Reporting genetic findings unrelated to the clinical purpose for
testing

Bioinformatics

e The laboratory ensures secure internal and external transfer and storage
of NGS data

e The laboratory retains necessary NGS data for a period of two years

e The laboratory maintains traceable files for all versions of the bioinfor-
matics pipeline used to generate NGS data

Quality Assurance

e The laboratory follows a written quality management program for:
o The analytical wet-bench process and its modifications/updates
o Monitoring and implementing upgrades to NGS instruments and
software
o Recording the bioinformatics pipeline and its modifications/up-
dates

Fetal Aneuploidy NGS

e The laboratory follows specific guidelines pertaining to:
© Sample requisition
o Test result reporting

4. Perspective

This document includes perspectives of stakeholder groups outlined in Section 2. Integration
of molecular diagnostics into the clinical workflow is key for safe, efficient and effective
adoption. For instance, the potential for medical error during drug order entry is reduced
with clinical decision support applications that alerts a clinician if he/she orders a drug
which is contraindicated or unlikely to be effective. Developing systems which are capable
of considering genetic markers associated with drug metabolism, efficacy, and toxicity dur-
ing the order entry process will reduce medical error and will become increasingly relevant
as we learn more about specific interactions between human health and genomics.
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4.1. Current and Emerging Testing Paradigms

Clinical genomics is now at a paradigmatic crossroads due to improvements in the technolog-
ical performance, availability, and medical utility of sequencing. In the past, clinical genom-
ic testing typically focused on a single clinical question, for example, a clinician may ask
whether or not a patient has a variant associated with drug efficacy/resistance, i.e. EGFR,
KRAS (NSCLC), BRAF (melanoma). Gene chips can now be used to answer these questions by
looking for a priori-specified variants. A second question may be whether or not the patient
has (a) variant(s) associated with drug metabolism for a particular drug. Examples of this in-
clude testing differences in metabolism efficiency via testing for CYP variants involved in cy-
tochrome P450 metabolism. Finally, testing may want to answer whether or not a patient
has a variant associated with a particular disease. Examples include cystic fibrosis and car-
diomyopathy. Again, a gene chip may help here. Deep sequencing may also be done in order
to find de novo or rare variants not present on a particular gene chip. This may result in a
variant of unknown significance (VUS). But, in all cases, the patient has consented for a par-
ticular test and the physician has a specific hypothesis when ordering the test.

Going forward, the current testing paradigm may end up being continued for a significant
duration and should thus be supported throughout its lifespan. Yet, the community must
prepare for an emerging paradigm that is compatible with current standards. This emerging
paradigm should work for hypothesis-based confirmation and diagnostics through unprece-
dented interoperability and communication between healthcare professionals and electronic
documents, and should also work for the payor/provider relationship and reimbursements.
Instead of the clinician asking a single clinical question, the paradigm is shifting to: “What
can the genome tell me?”

In addition, there currently is an increase in scenarios where there is a need for investiga-
tion of unknown variants and where some may wish to not be reimbursed, and a system
should be variable for these scenarios. For example, the Dana Farber Cancer Institute (Bos-
ton, MA) may want an interpretation in the report but may not want that interpretation to
be structured. Particularly for large tests there may not be a desire to structure an interpre-
tation. In somatic testing, inclusive of an interpretation, one is merely reporting out the
variants and using tools such as COSMIC to filter out non-somatic variants. Pathologists and
pharmacists can consume variant data visually and/or through a CDS tool that can keep cer-
tain data up to date, e.g. if variants or their corresponding interpretations change over
time. They can also consume other clinical data such as body weight, diet, etc. in order to
affect the manner with which CYP deals with interpretations. Finally, today the ability to
encode structured interpretations for EMR is becoming more valuable and advantageous.

In the future, the use of APIs developed and enabled by SMART/FHIR Genomics (Alterovitz,
et al. JAMIA 2015) can enable EMR-based apps (Warner, et al., JAMIA 2016) that enable con-
textualized, dynamic visualization and interpretation of NGS data. In the case of germline
testing, NGS coupled with such apps would allow unprecedented insight into the genetic fac-
tors and variants that contribute to disease and wellbeing and start a new paradigm of per-
sonalized healthcare. In the case of somatic testing, these standardizations and technology
will assist in diagnosis, prognosis, and treatment of illnesses and ailments such as cancer on
a case-by-case basis, through the use of pharmacogenomics, drug dosage calculators, etc.
Developments in fetal testing (either amniotic or through cffDNA) could increase screening
efficiency for rare genetic disorders and de novo variants. Apps could enable questions that
link to knowledge, e.g. what is the variant associated with tyrosine kinase inhibitor efficacy/
resistance (EGFR) or cardiomyopathy risk? Further, in large tests, apps may not only encode
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specific interpretations, but can also consume that data and keep interpretations up to
date.

4.2. Somatic

The analysis of somatic variants has a variety of use cases and instances where it would be
useful to the patient, physician, oncologist, and pathologist. First, an analysis of somatic
variants can be done protectively, to determine actual variants. Second, genetic analysis of
a variant would allow greater accuracy in prognostics. Third, a genetic analysis will be able
to provide a diagnosis of specific cancer subtypes and treatment for those subtypes. Finally,
a somatic cell analysis can reveal drug efficacy or resistance, as in the case of EGFR-associ-
ated drug resistance and efficacy.

4.3. Germline

Germline analysis provides a key resource in disease diagnosis, risk assessment, and subtype
characterization. For a laboratory all would be the same, but an examining physician would
want more discrete interpretations. It is important that the interpretations are not separate
from the findings themselves. Further there would be a desire to assist the laboratory, not
necessarily the medical geneticists, in looking at the data and clinical findings. In addition to
diagnosis, germline sequencing could support drug metabolism (in CYP) and in drug toxicity
(e.g. hearing loss if prescribed an antibiotic).

4.4. NGS Approach

There are many examples of applications for precision medicine, NGS, and FHIR to work to-
gether. Firstly, in an NGS approach, the clinician could use the NGS platform to determine
any information or data that the clinician would need in properly treating a specific patient,
or in other words, for the current treatment of a current patient. Just one example would
be to look at the general category of drug resistance.

From that point, an NGS platform can further be used to determine any information or data
that would be useful for any current or future treatment decisions. As an example, a clini-
cian might be inclined not just to order somatic testing for an immediate treatment of can-
cer, but also to order a germline sequencing to determine if there are any genetic risks that
may affect the patient later (i.e. additional cancers). A clinician may order a somatic and
germline test together and receive one overall diagnostic report. Another example of NGS
utility in future diagnostics would be running multiple samples to assess risks for ovarian
cancer in a patient when looking at breast cancer.

To achieve accurate and meaningful diagnoses among the other varied applications of preci-
sion medicine, there needs to be a way to determine the variations in the patient's genome
compared with standard references by current knowledge. In this case, relevant variants
would be stored to the reference. As opposed to a targeted gene panel, a genome sequence
could give insight to drug toxicity and metabolisms along all drugs, which could be stored as
a variation to the reference sequence.

Finally, NGS would deal with the identification and classification of variants which could
yield future use for a patient. In this scenario, the current sequence, including both se-
quences of clinical relevance and unknown relevance, is stored to be reviewed further in the
future.
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5. Use Case Scenarios

The use cases for sequencing put forth in this document share several common elements
within their respective workflows. Here we offer a standard workflow that is (1) applicable
to several sequencing scenarios and (2) adaptable to reflect novel technologies and proce-
dures in new areas of clinical sequencing.

While almost all use cases share certain elements in common (i.e indication for testing,
submission of test order), many use cases diverge at notable elements, which are more spe-
cific depending on the use case involved:

e Testing
e |Interpretation
e Receive structured results into EHR

Additionally, some of the described use cases require auxiliary elements outside of the envi-
ronments detailed in the common element workflow. For instance, Somatic Testing includes
a column for incorporation of an outside Pathologist, and other use cases like Public Health
Reporting and Newborn screening account for the additional governmental involvement/reg-
ulation in their respective procedures.

Figure 5-1: Common elements of the clinical sequence workflow involving the patient, providers, laboratory, and
pathology.

5.1. Scenario 1: Specimen Identification

Use cases for sequencing require identification of one or more specimens to be used in labo-
ratory analysis. This likely requires the identification of specimen groups (i.e. separate spec-
imens and associated derivatives) originating from the same or related patients. Derivatives
analyzed from these testing scenarios include: DNA, RNA, and Protein.

5.1.1. Germline testing for biomarkers/variants (usually inherited)

In terms of specimen identification, this is the most straightforward scenario. Typically, a
blood sample or cheek swab will be taken from the patient, and DNA will be extracted from
the sample. Except for low level heterogeneity or acquired somatic variants, the variants
identified in this specimen are ubiquitous throughout every cell in the patient and are inher-
ited from their mother and father (except in the case of spontaneous variants). The typical
genome contains about 4.1 to 5 million variants (The 1000 Genome Consortium, 2015). This
specimen is not limited in quantity, like a tumor specimen, because the laboratory may re-
quest an additional sample.

5.1.2. Tumor testing for biomarkers/variants (somatic/tumor specific)
To identify somatic (i.e. acquired) variants within a cancer specimen, a laboratory can
choose one of three methods: 1) analyze both a germline “normal” specimen and somatic
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“tumor” specimen and curate the differences; 2) “subtract” the somatic specimen from the
germline specimen; or 3) analyze a somatic specimen and remove germline findings through

bioinformatics post-processing algorithms. Due to the fact that tumor/normal testing is
roughly twice the cost of tumor-only testing, many labs do not carry out this procedure rou-
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tinely. When they do, the somatic/cancer specimen contains the germline sequence as well
as the somatic variants present in cancer. The laboratory compares the two sequences and
identifies variants unique to the cancer to definitively classify a variant as somatic. Note
that this can be a complicated process because cancer cells acquire mutations throughout
their lifespan and pass them on to daughter cells (see Figure 5.1-1). Also, directly tumori-
genic germline variants will be present in tumor and normal, but are usually preserved for
reporting. This is not the case when approach #2 is used. For the third scenario, testing labs
rely on internal knowledge and/or publicly available database (e.g. 1000 Genomes, EXAC) to
identify and remove germline variants.

Targeted Treatment
for Mutation 3

Figure 5.1-2: A simplified representation of cancer cells acquiring mutations or sequence variants, represented as
numbers 1, 2, and 3, in dividing cancer cells. Note targeted therapy can kill a specific population of cancer cells
while other populations survive.

Changes in the population of cells with particular variants will change over time and space,
as well as in conjunction with events such as antineoplastic therapy. In the case of tumor
metastasis, each lesion can be considered a separate “founder” population and may not
share variants with other lesions; this is called intertumoral heterogeneity (see Meador et al.
Clin Cancer Res 2014). Within a single mass of cancer cells, there may also be substantial
differences, call intratumoral heterogeneity. Commonly, targeted chemotherapy may Kill a
specific population of cancer cells with specific variants and other cancer cell populations
may survive and continue to divide (see Figure 5.1-1). Therefore, clearly annotating these
specimens as somatic and capturing annotations related to a time relevant to a treatment
timeline may be critical for analysis.

In some scenarios, a laboratory may focus sequence analysis on well-studied genes/variants
identified only in cancer. Commonly, these variants are only found in cancer because they
cause extreme behavioral changes at the cellular level (e.g. uncontrolled cell division) which
would result in embryonic death if present in utero. Specimens, sequences, and identified
variants/variants from these studies should be clearly annotated as somatic.

It should be noted here that somatic specimens are often limited in availability and require a
biopsy/surgery to obtain a specimen from the tumor site.

In summary, systems need to support both testing paradigms:

HL7 Domain Analysis Model: Clinical Genomics Page 26 of 96
©2018 Health Level Seven International. All rights reserved.



HL7 Clinical Genomics DAM: Clinical Genomics May 2018

1. Tumor specimen without a matched germline specimen, where variants/biomarkers
are believed to be specific to tumors.

2. Matched specimens for germline and somatic analysis, where comparison will result in
the identification of tumor specific variants/biomarkers.

5.1.3. Pediatric Testing

Pediatric testing is most commonly used for the identification of biomarkers, variants, and
variants causal to rare early childhood conditions. In addition to inheriting maternal and pa-
ternal variants, a child’s genome typically contains novel variants not found in either parent.
Matched patient, maternal, and paternal specimens facilitate a comparison which aids in the
identification of original biomarkers, variants, and variants in the patient.

5.1.4. Prenatal Testing

Prenatal testing specimens can come from the amniotic fluid, a maternal serum, or cffDNA
circulating in the maternal blood stream. Originating from the trophoblasts making up the
placenta, cffDNA (cell-free fetal DNA) is estimated to comprise of an average of 11-13.4% of
the DNA in the maternal blood (Wang et al. 2013). Using cffDNA for fetal testing provides a
non-invasive (for the fetus) method for fetal genetic testing, thereby significantly reducing
risk to the pregnancy.

Prenatal testing is commonly reported on the maternal medical record. Therefore, to avoid
mistaking fetal results for maternal results, fetal variants should be clearly labeled as ‘pre-
natal’. Most often prenatal/fetal and maternal specimens are matched and compared for
analysis.

5.1.5. Infectious Disease Testing

Infectious disease testing involves the analysis of patient specimens for the presence of in-
fectious organisms through the identification of organism specific genomic biomarkers/vari-
ants. These findings may subsequently be used to identify the specific organism, inform
prognosis, and/or guide treatment. Where genetic findings are reported into the patient
medical record, these genetic findings must clearly differentiate microorganism from human
genomic findings, following similar data standards as used for other testing scenarios above.

5.1.6. Emerging Specimen scenarios

5.1.6.1. Microbiome analysis of the patient

This includes analysis of microorganisms living in the patient’s gastrointestinal tract or geni-
tourinary system and may aid in diagnosis. A fecal or urine sample is collected from the pa-
tient, DNA is extracted from the sample, and a combination of NGS and 16S rRNA gene se-
quence amplification are analyzed to determine the populations in the microbiome. Whole
genome sequencing can be utilized for examining specific populations of interest (e.g. those
that display drug resistance).

5.1.6.2. Cell-free circulating tumor DNA (ctDNA)

An emerging non-invasive approach to acquire solid tumor DNA is to extract it from circulat-
ing plasma. Some (probably most) cancer cells release oligonucleotides - around 170 bp
pieces of DNA - into the patient’s bloodstream (ctDNA). Traditional mechanisms for testing of

HL7 Domain Analysis Model: Clinical Genomics Page 27 of 96
©2018 Health Level Seven International. All rights reserved.


https://en.wikipedia.org/wiki/Trophoblast

HL7 Clinical Genomics DAM: Clinical Genomics May 2018

solid tumors requires biopsy of the tumor, which is invasive and may be impossible for some
anatomic locations. Aside from the advantage of a less invasive method of testing, this tech-
nigue may also overcome some of the concerns surrounding tumor heterogeneity (e.g. direct
sampling of a single anatomic site may not reflect all genomic aberrations observed across
all anatomic sites). Commercial tests are expected to quickly emerge over the next few
years.

5.2. Scenario 2: Clinical Sequencing - Germline Testing

5.2.1. Description of Primary Clinical Sequence Workflow - Germline Testing

Germline testing involves the interaction between patient, health care provider, molecular
diagnostic laboratory, and geneticist / medical geneticist / molecular pathologist. The test-
ing is initiated at the discretion of the clinician, being necessary to inform accurate and ef-
fective patient care. After the sample is collected by the healthcare provider (for more in-
formation see Section 5.1.1), the specimen is received, processed, and sequenced by the
laboratory. The data is analyzed and prepared for processing before it is sent to the geneti-
cist/medical geneticist/molecular pathologist that often times will work in the laboratory.
There, the data is transcoded for IT standards, interpreted, and compiled into a report. The
report is then entered into the patient’s EHR where it can be seen by the healthcare
provider and a patient care plan can be developed. A figure of the process and more detailed
descriptions of the steps can be found on the following pages. It should be noted here that
most often the geneticist is working in the laboratory, which is represented in Figure 5.2-1
by a dotted line separating the laboratory and geneticist.
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Figure 5.2-1: General workflow of germline testing: 1. Clinician determines that a genetic test is needed to inform
patient care decisions. Often this includes family history based risk assessment. 2. Clinician obtains patient consent
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for testing. 3. Order entry for genetic testing, including relevant data to aid in evaluation and interpretation of find-
ings: indication for testing, family history, and relevant clinical data for the patient. 4. Blood is drawn or cheek
swabbed for cells containing DNA. 5. Laboratory receives the order and specimen(s) for testing. 6. Specimens are
processed (e.g. DNA extracted) and prepared to be loaded on the sequencing instrument. 7. Specimens are se-
quenced. 8. Data from the instrument passes through a bioinformatics pipeline for data processing: alignment and
identification of sequence variants, as well as quality assurance. 9. During the ‘Transcoding’ process, raw genomic
data is transformed from bioinformatics format into healthcare IT data standards. Not all raw data from the bioin-
formatics pipeline needs to be shared outside of the lab discretely, and some of this data may be shared in its native
format. 10. Genetic results are interpreted for clinical implications. 11. Genetic report is created, including narra-
tive findings and interpretation as well as the equivalent information structured in machine readable formats using
interoperable healthcare IT data standards. 12. Genetic report and structured results are received in the Electronic
Health Record (EHR). These may include variome data eventually. 13. Clinician reviews the results/report. 14. Clini-
cian develops (or modifies) a care plan taking into consideration the genetic findings. 15. Clinician reviews the ge-
netic findings and care plan with the patient. 16. Genetic results are made available to the patient in the web-based
patient portal

5.2.2. Alternative Germline Workflows

In addition to the primary germline workflow, alternative workflows exist where genetic in-
formation from older germline testing is reviewed and reevaluated as knowledge of the
health implications of genetic sequences expands. Alternative workflows may become more
common as confidence in data quality increases and size of datasets increases.

5.2.2.1. Alternative Flow 1: Chart Review

If a sequence variant (i.e. variant) of ‘Unknown Significance’ is identified in a patient or the
clinical implications of an identified variant are suspected of change, then the clinician may
contact the testing laboratory prior to a follow-up patient appointment (e.g. annual exam). .
A clinical request is put into the laboratory and geneticist to reinterpret sequence data already a
part of the patient’s health record/EHR based on a chart review. The geneticist receives the re-
quest and looks up the patient’s corresponding germline sequence. Using the most updated inter-

pretation or translational tools, the sequence is reinterpreted. The reinterpretation is compiled
into a report and entered into the EHR.

5.2.2.2. Alternative Flow 2: New Genetic Knowledge

A testing laboratory may contact the ordering clinician if the clinical implications of a se-

quence variant (i.e. variant) previously identified in the patient have changed. As interpreta-
tion and translational tools are updated with clinical knowledge, patient’s germline sequence is au-

tomatically reinterpreted.

5.2.2.3. Alternative Flow 3: New Clinical Indication

A clinician may contact the laboratory when documenting a new clinical Indication if they
feel the new indication might result in a different interpretation of existing data. A clinical
request is put into the laboratory and geneticist to reinterpret sequence data already a part of the
patient’s health record/EHR based on a new clinical decision. 2c. The results are then reinterpreted
with updated clinical knowledge and entered back into the EHR

5.2.2.4. Alternative Flow 4: Clinical Decision Support Initiated Reanalysis

Existing genetic data may be reanalyzed as part of decision support. For example, studies
now show that particular variants of the SLCO1B1 gene are associated with increased risk of
simvastatin toxicity. Ordering simvastatin triggers a reanalysis of sequencing data for geno-
typing of the SLCO1B1 gene. [Note that as confidence in data quality increases, this scenario
may not need to involve the lab, but instead be executed by direct bioinformatic query of
genetic information from older germline testing].
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Figure 5.2-2: Alternative flows associated with chart review, new genetic knowledge, and new clinical indication,
where the healthcare provider interacts geneticist for new interpretations of previous results. .

5.3. Scenario 3: Cancer Profiling - Somatic Testing

5.3.1. Description of Primary Clinical Sequence Workflow - Somatic Testing

Somatic testing is often times very different and can be more complex than germline test-
ing, with more input from a range of doctors and healthcare professionals. The first differ-
ence being that patient consent to somatic testing is not always required, and so a test will
be ordered either by a treating physician or as part of a reflex testing pathway (see Section
5.3.2). Additionally, pathology plays a vital role in cancer profiling. The same variant identi-
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fied in different cancers has different clinical implications. Thus, a somatic specimen ob-
tained by a biopsy or surgery will be analyzed by a pathologist to provide a diagnosis before
moving onto a molecular laboratory for genetic sequencing. A clinician may also recommend
germline testing or panels to test for specific germline variants (e.g. MLH1 in MSI-high col-
orectal cancers) or to compare a somatic sequence to the germline. It is important to note
here that germline and somatic testing may not occur at the same time and are not pro-
cessed at the same time through the bioinformatics pipeline. In most cases, somatic testing
will be done prior to germline testing. Throughout the analysis and interpretation of the so-
matic specimen, the EHR can be updated accordingly. After the report is compiled, the labo-
ratory will ideally complete a College of American Pathologists (CAP) biomarker reporting
template for the physician for applicable tumor types. A workflow on the next page shows
the primary workflow for somatic testing of a new patient. Optional modifications to the
workflow are shown in dotted lines. For more information on specimens within the following
workflow, see Section 5.1.2.
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Primary Clinical Sequence Workflow for Cancer Profiling - Somatic Testing
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Figure 5.3-1: General workflow of somatic testing: 1. Sequence testing is ordered either by a physician or by an on-
cologist. 2. Suspected tumorigenic cells are identified and a specimen is collected by a clinician/surgeon. 3. The so-
matic specimen is sent to pathology where it is tested and analyzed for proper diagnosis. 4. (Optional) Blood is drawn
or cheek swabbed for cells containing DNA for germline testing. 5. Laboratory receives specimen(s) and an order for
genetic testing, including relevant data to aid in evaluation and interpretation of findings: indication for testing,
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cancer type, and relevant clinical/pathological data for the patient. 6. Specimens are processed (e.g. DNA extracted)
and prepared to be loaded on the sequencing instrument (both germline and somatic). 7. Specimens are sequenced.
8. The data for the somatic testing from the instrument passes through a bioinformatics pipeline for data processing:
alignment and identification of sequence variants, as well as quality assurance. If germline sequencing is required as
well, it is done at a separate time. 9. (Optional) Preliminary data is entered into the EHR for care during the analysis
and interpretation process. 10. During the ‘Transcoding’ process, raw genomic data is transformed from bioinformat-
ics format into healthcare IT data standards. Alternatively, key chunks of the raw genomic data are encapsulated in
healthcare standards in their native bioinformatics formats, and only some of these key data sets are transcoded into
healthcare standards in order to be better processed by clinical decision support applications, as well as be associat-
ed with phenotypic data. 11. Genetic results are interpreted for clinical implications. 12. Genetic report is created,
including narrative findings and interpretation as well as the equivalent information structured in machine readable
formats using interoperable healthcare IT data standards. 13. (Optional) The data is also put into a College of Ameri-
can Pathologists (CAP) biomarker report template depending on the cancer type. 14. (Optional) Pathologist (molecu-
lar and anatomic) review the report before results are sent into the EHR. 15. Genetic report and structured results
are received in the Electronic Health Record (EHR) which may include variome. 16. Clinician reviews the results/re-
port/CAP report. 17. Clinician develops (or modifies) a care plan taking into consideration the genetic findings. 18.
Clinician reviews the genetic findings and care plan with the patient. 19. Genetic results are made available to the
patient in the web-based patient portal

5.3.2. Alternative Workflows - Somatic Testing

Due to the complexity of care surrounding cancer, often times a different workflow is used
or is necessary to provide better or continued care. For example, a patient may have had a
biopsy done at a different site before going to a new hospital.

5.3.2.1. Alternate Workflow 1: Referral

In the case of a referral, a patient has already been seen, had their tumor biopsied, and pos-
sibly started treatment. It is not uncommon for a patient to have samples at several differ-
ent hospitals, and in this case the referral hospital would want to compile this information
and perform testing prior to the patient coming in. Upon scheduling an appointment, the
hospital will reach out to previous care providers and request specimens to be reviewed at
the current hospital. This review may include the determination that the patient would ben-
efit from molecular testing, at which point there are two choices: 1) extract DNA from
archival tissue, most commonly formalin-fixed paraffin-embedded (FFPE); or 2) obtain a new
tumor specimen for testing. It is not uncommon for years to elapse between an initial diag-
nosis and a recurrence, and if the patient has not yet received targeted therapy or had the
original tumor sequenced, this would be a scenario where FFPE would be tested, in many
cases.

5.3.2.2. Alternate Workflow 2: Pathologist Ordered Testing

It may be the case that an oncologist or physician may not initially see the need of somatic
testing. However, upon examination by a pathologist, somatic testing could be seen as nec-
essary and be ordered by the pathologist.

5.3.2.3.Alternate Workflow 3: Patient Ordered Testing

In some rare situations, a patient may want to obtain their tumor specimen and submit it for
somatic testing.
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Altemative Clinical Sequence Workflow for Cancer Profiling - Somatic Testing
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Figure 5.3-2: Alternate workflows for somatic testing. The first alternate shows a referral: 1a. The patient is re-
ferred to another hospital. 2a. The patient schedules an appointment with the new oncologist. 3a. The new hospital
has the data and records of the previous care. 4a. A request is made for somatic specimens from previous hospitals to
be rerun prior to the appointment. 5a. The specimen is received and sent to pathology before being sequenced. 6a.
The specimen is sent to the lab along with an order containing pertinent information, and then continues the primary
workflow. The second alternate shows the process for a pathologist ordered sequencing test. 1b. A suspected tu-
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morigenic specimen is collected via biopsy/surgery. 2b. The pathologist analyzes the suspected tumor. 3b. Based on
anatomical findings and in order to aide in diagnosis or treatment, the pathologist orders somatic testing of the spec-
imen. 4b. The laboratory receives the pathologist’s order and continues with the primary workflow. The third alter-
nate shows the process for a patient ordered sequencing test. 1c. The patient with tumor specimen requests testing.
2c. Hospital and physician processes the request, receives the specimen, and orders the testing. 3c. The pathologist
analyzes the specimen and makes a diagnosis. 4c. The laboratory receives the order and continues with the primary
workflow

5.4. Scenario 4: Decision Making Tools - Family History and Drug Dosage
Calculators

Genetic sequences coupled with more traditional clinical methods can lead to better deci-
sion making through the utilization of family history tools, risk assessment tools, and drug
dosage calculators. In some cases, clinicians translate (i.e. manually reenter) genetic data
into tools for decision making, but in other cases, patient genetic data from the EHR is au-
tomatically incorporated into clinical decision making tools.
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Decision Making Tools: Family History or Drug Dosage Calculator
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Figure 5.4-1: Primary workflow for automatic integration of genetic data into clinician decision making tools. 1. The
genetic report is compiled. 2. The results are received into the EHR; in the future these results may contain variome.
3. The results are reviewed by clinician. 4. A care development plan is developed. 5a. The results are then integrated
into the family history, drug dosage calculator, or other decision making tools automatically. 5b. These tools are used
by the manual entering of data, and provider may have limited information. 6. The genetic and decision making tool

results are reviewed by the patient. 7. The results are made available through web based portal.
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5.5. Scenario 5: Public Health Reporting

5.5.1. Description of Public Health Reporting Scenario

Today, registrars manually translate clinical data into public health reporting systems (https:/
www.ncbi.nlm.nih.gov/pmc/articles/PMC5346201/), which can be time consuming and complicated
due to different standards across testing platforms. This data is used to monitor and improve
public health (e.g. surveillance and clinical research). After the genomic data is reported to
the public health reporter, the relevant data will be extracted primarily through the manual
process of chart review in order to be incorporated into the Public Health data repository. In

the future, this data will be extracted from the EHR in an automated (or semi-automated)
manner.
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Figure 5.5-1: Public health recording of relevant genetic data. Automatic: 1a. Genetic report from molecular
pathologist is shown (an alternate route shows data being automatically integrated from the report into the Public
Health repository). 2a. The structured results are integrated into the EHR of the patient. 3a. The results are re-
viewed by the clinician, as well as being compiled with other clinical data of the same cohort. 4a. Results are re-
ported to public health agencies like the cancer registry. Currently, it takes about 6 months where the report is man-
ually reviewed by professionals due to differing standards and then entered. 5a. The pertinent data is automatically
extracted into public health records. 6a. The data enters a public health data repository where it can be stored and
used in the future. Manual: 1b. The care development plan is created. 2b. The appropriate genetic data is manually
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entered into Public Health reporting tools. This step is very time consuming and is currently being done. 3b. The data
is then incorporated into the public health repositories.

5.5.2. Cancer Registry workflow

Cancer registrars perform patient chart review translating and summarizing clinical informa-
tion into public health reporting systems. Currently, the requirements for reporting genetic/
genomic information are minimal but are likely to rapidly expand. There are numerous chal-
lenges associated with this process of genetic reporting to cancer registrars.

Genetic test results are inconsistently reported, and these inconsistencies are due to a num-
ber of factors. Frequently there is a lack of adherence to the guidelines of medical profes-
sional organizations like the College of American Pathologists (CAP) and American College of
Medical Genetics and Genomics (ACMG). Compounded with the lack of adherence is the fact
that the granularity of results is tied to the specific testing platform, and there is no known
mapping that exists to align levels of granularity. For example:

e Kit based tests often do not output specific identified variants but roll these up into a
biomarker

e Sanger Sequencing is often reported in HGVS nomenclature at the c. and p. level. Current
software makes it difficult to determine the genomic coordinates

e Next Generation Sequencing (NGS) pipelines first identify variants in genomic coordi-
nates. Translation of genomic coordinates into c., p. and biomarker representation is de-
pendent on tools which are still immature. In addition, many of these tools are devel-
oped by groups with strong research backgrounds, and their understanding of clinical
standards and practices is still evolving.

e C(College of American Pathologists reporting templates currently report variants at the
biomarker level without mapping between these other representations.

5.6. Scenario 6: Clinical and Research Data Warehouses

Electronic health records (EHR) are optimized for transactional data and working with one
patient record at a time. To enable clinicians to view populations of similar patients (e.g. a
primary care provider may want to see last mammography dates for all their patients with
increased risk of breast cancer), clinical data is incorporated into clinical data warehouses.
Similar data warehouses support use of clinical data for clinical research, according to Insti-
tutional Review Board policies. If genetic data is not structured, it does not meaningfully
support these activities (see Figure 5.6-1).

Health data warehousing should persist data in standardized formats, while allowing users to
export subsets of the data for specific use cases, analyses, or reporting needs. Warehouse
data should be represented in the richest form possible using generic standards, while each
data subset is optimized for a specific use case, e.g. clinical research, public health regis-
trars, or even EHRs. In this way, all different ‘views’ of the data are based on the same stan-
dardized semantics, thus achieving consistency and interoperability while avoiding data loss
through transformations and duplication of data.

Additionally, as many applications of genetic data are designed for research applications that
utilize data structures, such as variant call files (VCFs), the data stored within the data
warehouse should be convertible to these structures for the broadest potential secondary
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use. If the clinical genetic data cannot be converted directly, tools should be available that
can convert it to other data structures.
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Figure 5.6-1: Example of structured and unstructured genetic reporting influence data warehouse incorporation.
After reporting (1), results can be received into the EHR as structured (2a) or unstructured (2b) data. In the struc-
tured scenario: 3a. the appropriate data is relatively easily pulled from the EHR and flows into the research or clini-
cal warehouse. 4a. The structured data then allows ease and enhancements for patient care through the use of man-
agement and organizational tools, or in research can be used to set up or approve a study. It should be noted here
that this workflow is an example and may be different depending on the consumer and use case. In unstructured: 3b.
the clinical or research warehouse is unable to pull the necessary genetic information which becomes entangled with
other data and documents. 4b. The unorganized data can no longer be utilized in patient management or for re-
search purposes.

5.7. Scenario 7: Cytogenetic Marker identification via sequencing

Cytogenetic testing, often referred to as karyotyping, investigates numerical and/or struc-
tural chromosome abnormalities during cell metaphase. Serving as the standard for genetic
testing, cytogenetic testing should ultimately flow into the sequence pipeline. Cytogenetic
testing serves as a traditional approach that is FDA approved and well established, and will
be used long-term. Detailed methods include the following: Tissue samples are sent from the
clinician to the laboratory for chromosome harvesting, banding, microscopic analysis, and
karyotype production. Several methods are utilized in molecular cytogenetic testing, such as
metaphase, interphase, dual-color/fusion, and dual-color/break-apart (cytogenetic methods
and information). These methods use fluorescence microscopy to assess for the presence,
absence, relative positioning, and/or copy number of specific DNA segments.
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Figure 5.7-1: Cytogenetic testing. 1. Clinician recognizes an indication for cytogenetic testing. 2. The clinician or-

ders testing with appropriate information for the laboratory. 3. Cell samples are taken and sampled for cytogenetic
testing. 4. The order is processed at the laboratory with specific instructions. 5. The chromosome is harvested from
the sample and banding (staining) is done for further analysis. 6. Analysis of the banded chromosome and karyotype
for number or structural abnormalities. 7. A report is compiled on the findings. 8. The results are received into the

EHR. 9. The report is reviewed by the physician and 10. A care plan is developed. 11. The physician reviews the re-

sults with the patient/parents. 12. The results are available via a web portal.
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5.8. Scenario 8: Pharmacogenomics

5.8.1. Description of Scenario

Pharmacogenomics (PGx) is the study of the ways in which genes will impact an individual’s
response to drugs. In order to determine how a patient will react to a medication, re-
searchers are currently studying genetic differences and how these differences will affect
the body’s response to drugs (NIH PGx Information). Given a patient’s disease, doctors may
utilize pharmacogenomic information to determine which drug to prescribe (Moen, Godley,
Zhang, & Dolan, 2012; Farrugia and Weinshilboum, 2013; Bielinski, Olson, Pathak, Wein-
shilboum, et al, 2014). For example, the FDA currently recommends genetic testing before
the administration of the chemotherapy drug mercaptopurine. In addition to mercaptop-
urine, the FDA has a table of over 200 approved drugs that have known genetic interactions,
which lists with their associated therapeutic areas and biomarkers (FDA Table). Thus, after
diagnoses, doctors will transmit patient information to the geneticist, or clinical pharmacologist,
who will analyze genomic data. After the analysis, the doctors will be able to effectively
%%sécribe the drug with minimal risk of adverse side effects (de Jesus Castillejos-Lopez et al.
).

The Clinical Pharmacogenetics Implementation Consortium (CPIC) has been developing clini-
cal guidelines from the large amount of information on pharmacogenomic results to facili-
tate the clinical implementation of pharmacogenomics (CPIC Guidelines). In pharmacoge-
nomics, the use of sequencing assays is increasing, and with it there is an increased need for
messaging standards to accurately move information around and to transform raw data into
application and site specific assorted data structures.

Furthermore, pharmacogenomic research and development has moved on from early en-
trepreneurial investors to clinical organizations, the implications of which mean that phar-
macogenomics and its tools must be tightly integrated into the work of physicians. In order
to integrate fully with practicing physicians:

1. Genomic test results must include both discrete data and a human-readable text re-
port. At this time most EMRs are not sophisticated enough to be able to store discrete
genomic data, but EMR capabilities will expand in the future.

2. Decision support alerts, recommendations, and educational material should be de-
sighed to minimize the learning curve for those that do not have a background in ge-

netics or pharmacogenetics
3. Once the data is processed, there must be a way to reinterpret the results over time.

4. There should be a protocol or system to see if previous genetic results are currently
relevant to a physician, either automatically or at the physician’s discretion. The sys-
tem should enable application providers to determine if a genetic test is necessary
and what biomarkers or genes are to be analyzed for a specific drug.

Going forward, there are two important aspects that should be harmonized to make
progress. The first is to provide a link to go back to variants that have been tested and se-
quenced (i.e. it must be possible to uniquely and unambiguously identify a genetic variant/
allele). The other is to ensure that the linking of a gene, or combinations of genes, to rec-
ommendations is consistent across standards and platforms.
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Pharmacogenomics can be particularly useful in the development and implementation drugs
that target variant specific biomarkers. A test of a patient’s genome reveals the presence of
biomarkers for the pharmacist, which are included in the EHR and are available for the

pharmacist to view. From the report of the biomarkers, a prescription recommendation can
be made for the specific patient and filled.
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Figure 5.8-1: Pharmacogenomics workflow for somatic testing. Pharmacogenomics can be used to identify biomark-
ers in tumorigenic cells that can be targeted by certain drugs. Overall the workflow is very similar to the primary
somatic testing workflow (Figure 5.3-1). Pharmacogenomics specific steps: 16. An order with detailed instructions is
sent to the pharmacist to prepare. Additionally, the pharmacist is able to view the EHR and the biomarkers.
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5.8.3. Pharmacogenomics - Germline

5.8.3.1. Primary Germline Pharmacogenomics Germline Testing Workflow

Germline testing for pharmacogenomics is similar in that there is a test for specific biomark-
ers which can be used to guide prescription decisions either at present or in the future.
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Figure 5.8-2: Pharmacogenomics workflow for germline testing. Overall the workflow is similar to germline testing
(Figure 5.2-1). Pharmacogenomic specific steps: 16. An order with detailed instructions is sent to the pharmacist to
prepare. Additionally, the pharmacist is able to view the EHR and the biomarkers.

5.8.4. Alternate Germline Pharmacogenomic Workflow - Pharmacist Involvement

There are scenarios in pharmacogenomics where a pharmacist may assist in the production
of a pharmacogenomic recommendations for the general report, where the structured data
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can be seen by the pharmacist. This is not necessarily typical, but may be relevant to phar-
macists trained in pharmacogenomics.
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5.2-1). Pharmacogenomics specific steps: 11. A pharmacist trained in pharmacogenomics, using the germline se-
quence, identifies possible biomarker targets for drugs. 12. The pharmacist then makes a drug prescription recom-
mendation for the report. 18. An order is sent to the pharmacist for a prescription with instructions and access to

biomarker data.
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5.10. Scenario 9: State & Regional Health Information Exchanges (HIE)

State and regional Health Information Exchanges (HIE) are becoming an important part of
the healthcare ecosystem by improving accurate exchanges of information across a network
of organizations. As utilization of cloud-hosted software-as-a-service (SaaS) solutions be-
comes an integrated part of the healthcare business model, there is an interesting possibility
for hosting systems to increase data interoperability of genetic/genomic data. That is, we
have to accommodate expanded interoperability architectures other than standard messag-
ing from point A to point B.

5.11. Scenario 10: Human leukocyte antigen (HLA) Typing

5.11.1. Summary of Challenges

Unlike standard genomic testing, human leukocyte antigen (HLA) typing offers unique chal-
lenges:

1. Genomic regions of interest are not included within a genome build; therefore, using
only a genome build and chromosome in conjunction with genomic location does not
support HLA typing. Typically, NGS based typing of HLA is based on a combination of
local assembly and alignment to reference alleles and/or genomes.

2. Clinical genetic standards for communicating a variant (e.g. HGVS) do not support the
complexity of HLA typing; therefore, efforts were made to come up with adequate
standards, e.g. in the US the National Marrow Donor Program has developed their own
standard. These include a combination of domain specific nomenclature (IMGT/HLA),
string based reporting of genotyping with full ambiguity (Tissue Antigens. 2013 Aug;
82(2):106-12. doi: 10.1111/tan.12150), and a XML based message structure called His-
toimmungenetics Markup Language (HML).

3. Marrow donor nomenclature is based on allele nhaming and continues to evolve as
more is understood and technology platforms are capable of increased detailed detec-
tion.

4. Systems must support different versions of the marrow donor nomenclature and vari-
ous degrees of ambiguity, for backwards compatibility.

5.11.2. Background on NMDP

The National Marrow Donor Program (NMDP) is a nonprofit organization that matches pa-
tients needing life-saving stem cell transplants with potential donors. To achieve this mis-
sion, it operates the Be The Match donor registry that currently stores tissue typing data
from more than 11 million potential donors. The most important factor in matching a patient
with a donor is HLA.

HLA Nomenclature and official allele designations are assigned by the HLA Informatics Group
(HLA Information), on behalf of the WHO Nomenclature Committee for Factors of the HLA
System, the KIR Nomenclature Committee and the nomenclature committees set up by the
International Society for Animal Genetics (ISAG) (http://hla.alleles.org). This work is over-
seen by the Comparative MHC Nomenclature Committee and is supported by ISAG and the
Veterinary Immunology Committee (VIC) of the International Union of Immunological Soci-
eties (IUIS). The HLA Informatics Group has registered an OID node
(2.16.840.1.113883.13.252) for developing External Value Set for these allele designations
and is currently working out the details for OID association with each HLA allele. A specialist
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database for HLA sequences has been established (http://www.ebi.ac.uk/ipd/imgt/hla/)
and includes the official sequences for the WHO Nomenclature Committee For Factors of the
HLA System. The IMGT/HLA Database is part of the international ImMunoGeneTics project
(IMGT).

Recently, the Immunogenomics community has gathered to develop standards for recording
and reporting NGS based genotyping of HLA (ngs.immunogenomics.org). The goals of these
meetings have been to identify the Minimum Information for Reporting Immunogenomics
NGS Genotyping, aka MIRING (HLA and KIR genotyping with NGS) based on the principles of
MIBBI (Minimum Information for Biological and Biomedical Investigations). The MIRING identi-
fies ten principles for NGS based genotyping of immunogenomics data. These include:

1. Sample Annotation
2. Reference Context
3. Full Genotype

4. Consensus Sequence
5. Unreferenced Sequences
6. Novel Polymorphisms
7. Sequence of Regions Targeted
8. Read Metadata

9. Primary Data

10. Platform Documentation

Items 1-6 are considered method independent and dynamic with each report. Items 7-10 are
static in nature, and dependent on the specific NGS methodology employed, and could be
externally referenced through a resource such as the NCBI Genetic Testing Registry or Se-
quence Read Archive.

5.11.3. HML and HL7

While the MIRING provides principles and guidelines, it doesn’t provide a technical specifica-
tion for the message. Together in collaboration with vendors and the immunogenomics com-
munity, NMDP is enhancing HML (Histoimmunogenetics Markup Language) to meet the princi-
ples of the MIRING (HML Information). While HML has been developed outside of HL7, it cur-
rently serves the purposes of the immunogenomics community. However, the community
recognizes the need for interoperability with the larger healthcare community and the po-
tential to interface with EMR systems. In light of this, the possibility to encapsulate HML in
HL7 messages or structured documents is being explored, working closely with the HL7 Clini-
cal Genomics Work Group.

6. Additional Use Case Scenarios

The following use cases should be considered in standards development and implementa-
tions. These additional use cases will be more fully described in future releases.

6.1. Comprehensive Pathology Report

For an increasing number of specimens (e.g. a bone marrow aspiration and biopsy) the spec-
imen will undergo a series of tests, such as morphology, immunohistochemistry, flow cytome-
try, cytogenetics, fluorescence in situ hybridization [FISH], and molecular testing [e.g.
NGS]). These tests will provide genetic information in the form of a comprehensive report,
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created by pathologists. Challenges include integration of findings across multiple testing
platforms and interpretation of these findings in creation of the comprehensive report. See
Seegmiller et al. 2013 Am J Clin Pathol.

6.2. Rare/Undiagnosed Diseases

The diagnoses of rare diseases often can happen long after symptoms are first evident within
affected individuals. Because of limitations on physician and patient access to the most up-
to-date information about rare diseases, testing can be expensive and cumbersome. NGS is
enabling rare and de novo variants to be found and associated with previously undiagnosed
diseases. Comparison across several organizations (potentially spread across the country or
world) is often needed to obtain enough power to associate variants with clinical findings.

6.3. Preimplantation Testing

Preimplantation genetic diagnosis (PGD) is utilized to test for conditions which could cause
termination of the pregnancy or major genetic disorders. PGD is usually reserved for those
with high genetic risk factors or those who are undergoing in-vitro fertilization (IVF), even
with low genetic risk factors. Oocytes or early stage embryos are screened for major inherit-
ed conditions such as Huntington's disease, familial predisposition to cancer, Li-Fraumeni
syndrome, or aneuploidy before continuing with IVF (Sermon et al. 2004; Boyle and Savules-
cu, 2001). Preimplantation screening is regulated in many countries ensuring screening for
major, not minor, genetic conditions and to prevent sex-selective screening.

Globally, preimplantation genetic screening (PGS) accounts for more than all the other indi-
cations for PGD added together (Minasi et al. 2017). The combination of PGD and PGS im-
proves the capability of detecting embryos with high potential to implant while simultane-
ously avoiding the transfer of embryos that, although free of monogenic disease or chromo-
somal rearrangements, carry chromosomal aneuploidies.
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Figure 6.3-1: PGD workflow. 2. Parental genetic analysis can identify mutant alleles in current and for future gesta-
tions. 6. The use of NGS for PGD alleviates issues arising from embryonic chromosomal mosaicism. 8. Embryo vitrifi-
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cation and blastocyst biopsy. 9. Array-comparative genomic hybridization (aCGH) which analyzes specific amplifica-
tions and deletions of the genome in high resolution regions.

6.4. Cell-free Fetal DNA (cffDNA) Based Noninvasive Prenatal Testing

Next Generation Sequencing can offer a method for non-invasive prenatal diagnosis of genet-
ically inherited conditions such as B-thalassaemia and congenital adrenal hyperplasia, by en-
abling testing of cell-free fetal DNA (cffDNA) circulating in the maternal plasma. The test
works by distinguishing cffDNA from maternal DNA by identifying paternally inherited alleles.
Currently, cffDNA is used primarily to test for aneuploidy in high risk patients where it has
been shown to be more reliable than serum testing (Bianchi et al. 2014). Further tests are
still under development, but cffDNA testing provides the possibility of replacing invasive
procedures like amniocentesis or chorionic villus sampling, which are risky for the patient
and fetus. See Figure 6.4-1 for a workflow of this testing.
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Figure 6.4-1: cffDNA fetal testing workflow. 7. Massively parallel sequencing (MPS) is utilized. 8. cffDNA must be
differentiated from maternal DNA by recognizing paternal DNA sequences in cffDNA. MPS analyzed for aneuploidy as

well as genetic disorders.
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6.5. Newborn Screening

6.5.1. Current Newborn Screening

Newborn screening practices test newborns for certain harmful or fatal disorders that are
not apparent at birth. The initial screening technique utilizes tandem mass spectrometry
which can screen for 23 inherited metabolic disorders (e.g. maple syrup urine disease) with
a single drop of blood (Schulze et al, 2003). It should be noted that screening through dried
blood spots is primarily a profile of amino acids and acylcarnitines in the newborn’s blood as
opposed to genetic information. In the case of a positive result on the screening, a sec-
ondary metabolic screening (either another blood spot test or chromatography of a urine
sample) and/or genetic sequencing can confirm a diagnosis.

However, the actual process by which newborn screening is carried out is logistically messy.
Each state or region has its own testing done in a state run laboratory. In this case, the blood
spot is taken by the hospital and sent to the state run testing laboratory. From there the re-
sults are faxed back to the hospital’s pediatrician as opposed to the newborn’s pediatrician.
The flow of information from the state laboratory, to the hospital, to the pediatrician is far
from an ideal system, however the relative rarity of a positive test result means that the
system is not completely flooded. Storing residual dried blood spots and the data from new-
born screening can cause further complexities with the public health authority (it is stored
in the state laboratories currently), and there is an unresolved issue of locating the testing
that was not ordered by the patient and its timing.
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Figure 6.5-1: The clinical sequence workflow for newborn screening by dried blood spots. 1. A mandatory test is or-
dered by the pediatrician upon birth. 2. The dried blood spot (DBS) is collected from the heel, finger, or toe of the
infant. 3. The specimen and order are received by the state testing facility. 4. The specimen is then processed within
the specific state’s system. 5. The blood is then tested by HPLC for amino acids, etc. 6. A report is compiled and sent
to the birthing hospital via fax. 7. The hospital will review the results and then send the report to the patient’s pedi-
atrician. 8. The pediatrician will be sent the results via fax as well. The transfer of information from 6 to 7 and 7 to 8
can be problematic, and is not electronic based. Many times a hospital will not have the information of the primary
care pediatrician. 9. The pediatrician will review the results and determine if additional testing is necessary. 10. The
pediatrician will then review results with the parents and possible further testing would be used to confirm a diagno-

sis.
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6.5.2. Alternative Research-Based Newborn Screening

The blood-spot based newborn screening can be a long and disorganized process. As an al-
ternative to this process, some researchers are currently employing sequencing of newborns
for their screening. Sequencing provides data that can be more readily stored, transferred,
and interacted with than blood spot testing. The sequences can also be utilized in later care
as well, assuming no spontaneous variants.

It should be noted here that this test is not mandatory as the DBS testing is, and the infor-
mation is not sent to or stored at a state laboratory. If this method becomes adopted in the
future, the workflow would change to accommodate state regulations.
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Figure 6.5-2: Alternative flow based on a whole genome sequencing screening as opposed to blood spot testing. The
workflow itself is similar to a germline flow (see Figure 5.2-1), however information is distributed via EHR to the pa-
tient’s pediatrician for care (steps 9-11).
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6.6.Newborn Genome and Targeted Panel Testing

For additional information, the healthcare provider can conduct further testing after birth
and into adulthood. For example, today the qualitative assay CytoScan is used to detect
chromosomal copy number variants (CNV) in genomic DNA postnatally. After whole blood
testing, the genomic DNA obtained is referred for chromosomal testing based on clinical pre-
sentation. Another emerging area with both near and long term clinical benefits is targeted
sequencing. Targeted panel testing is currently in use to test for certain cancers or diseases
and to develop targeted therapies. Targeted panel testing is of great use to pharmacoge-
nomics (see Section 5.8).

As the cost of genome sequencing continues to go down, whole genome sequencing at birth
will eventually become economically feasible and crucial component of individualized care.
This type of testing will then supersede the testing described in this section and Section
6.5.1.

6.7. Whole Exome Sequencing

The exome, or protein-coding portion of the genome, makes up ~1-2% of the entire genome.
Despite this, variations in the DNA sequence of the exome are much more likely to be asso-
ciated with a particular phenotype of a Mendelian disorder. Whole-exome sequencing (WES)
is a technique used to analyze the DNA sequence of the exome and has begun to show prom-
ise, specifically in the genetic work-up of patients who present with a challenging constella-
tion of phenotypic features that has sent both clinicians and patients on a ‘diagnostic
odyssey.’

Whole-exome sequencing (WES) represents a significant breakthrough in the field of human
genetics. This technology has largely contributed to the identification of new disease-caus-
ing genes and is now entering clinical laboratories. WES is particularly relevant concerning
rare diseases, which proves particularly difficult for physicians to diagnose. However, the
complexity of this technology renders its applicability onto the clinical setting uncertain. In
several small series, prenatal whole exome sequencing (WES) approaches have identified ge-
netic diagnoses when conventional tests (karyotype and microarray) were not diagnostic.
Data regarding the clinical utility and interpretative challenges from the clinician's perspec-
tive are lacking.

The Trio Whole Exome Sequencing test is a novel, composite test recently developed for the
purpose of identifying changes in a patient’s DNA that are cause for medical concern. The
Trio Whole Exome test uses next-generation sequencing techniques to concurrently analyze
the coding regions, or exons, of thousands of genes.

The purpose of the test is to sequence the exomes of a patient to the individual nucleotide—
a level of detail necessary to compile a consensus sequence with high accuracy. This highly
accurate sequence is then compared to available references and standards, and most impor-
tantly—the parental WES data. Upon interpretation by a board-certified clinician or labora-
tory science and examination of reference sequences, variations in the patient’s DNA se-
quence can be readily determined and related back to the patient’s clinical examinations in
an effort to identify the cause of a genetic or medical disorder.
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Whole Exome Sequencing Platform Tests (Wong, Lee-Jun C., ed. "Next Generation Se-
quencing Based Clinical Molecular Diagnosis of Human Genetic Disorders." (2017).)

Test Name Time Parents
WES Trio 10 weeks Required
Critical WES Trio 3 weeks Required
Proband WES 15 weeks Recommended
Proband WES + CMA 15 weeks for WES Recommended
BluePrint Proband WES 10 weeks Recommended
Prenatal WES Trio 3 weeks Required
Adult Screening Exome 15 weeks Recommended
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Clinical Sequence Workflow - WES Trio Testing

Healthcare Provider

1. Iedizgtian loe patiant
I genatic lesing

2.
vt e nahicovsactmeation
al pamnls' zenphe stans

|

| 3. Canserrt 10 st |

- :Ia. Suearan colestan 6. Hersuing
= Soassion Cerdar and
Soecmer

5. Subkrmsann ¢ st

cecer with cimcal x

histeey, mchzaticn, 7. Spacimen

‘amily padigrae Proczesing
v

B Iaalng - Sae

Seeuenzng Oplars
Chan

L 4
9. Bigin‘ormelic
Analyaiz

"| 10. Tranzzocing

v

11. Irveraratation

}
‘ 12, Aepzrling

13 Fansnes stuotunan J
mauks nle =-H

.

14, =Savaw wsila
mme

4

15, Camplar
devedoomeant
16 Pevow resulls J

Wit patione

.

17. Faomrt Azoess In
gt ane Brsubs
Ipreparabion for Aulure)

Figure 6.7.2 Workflow WES Trio Testing
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6.8. Public Health Testing - Microbial

Whole genome sequencing of pathogenic bacteria, viruses, and fungi offers multiple tools for
clinicians, researchers, epidemiologists, and public health officials to combat disease (Koser
et al. 2012). In this situation, the specimen collection method would vary for different
pathogens. After the proper specimen is collected and later isolated, sequencing and tradi-
tional phenotypic tests and analysis would be done to determine the specimen’s genotype
and phenotypic traits respectively. The sequencing of pathogens provides a method to track
the evolution of drug resistance with high genetic variability and rapid genotypic changes,
and it also provides a better tool for investigators and researchers to determine transmission
pathways and provide help in the case of outbreaks. In slow growing bacteria with stable
genotypes, where phenotypic testing can take up to two weeks (e. g. M. tuberculosis),
genome sequencing can provide a reliable alternative for drug susceptibility testing. A simi-
lar method of viral genotyping of HIV and other retroviruses can be used to determine retro-
viral drug resistance. In these cases, microbial genetic data from diagnostic laboratories and
geneticists would be integrated into public health repositories and research databases (see
Section 5.6). It should be noted that this data would be distinct from the human genetic
data previously described (i.e. viral, bacterial, or fungal sequences) and would use different
databases (see Section 7.1).
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Figure 6.8-1: Public Health Testing Microbial. 1. The relevant sequencing and phenotypic based testing is ordered by
the clinician. 2. The relevant specimen is collected from the patient. Depending on suspected pathogen type/infec-

tion site, different specimen types will be collected. 3. The specimen order and the specimen itself is sent to the lab
with pertinent information. 4. The specimen is processed and prepped for genotypic and possibly phenotypic testing.
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5a. If the pathogen is a defined species, then it will be isolated. 5b. If the pathogen is not defined, then target signa-
tures (e.g. HIV, HCV viral genotyping) or metagenomics sequences will be amplified. Currently there are no CLIA-lev-
el applications for metagenomics though. 6. The specimen is tested and analyzed for genotype. 7. Genotypic data
from the instrument passes through a bioinformatics pipeline for data processing: alignment and identification of
sequence variants. 8. Raw genomic data is transformed from bioinformatics format into healthcare IT data standards.
9. The genotypic results are interpreted. 10. A genotypic report is compiled from the interpretation. 11. Phenotype is
not always specifically called from genomic data. It depends upon assay. Phenotypic tests include different plating
techniques and assays. 12. Phenotypic results are analyzed and reported to the clinician. 13. The clinician then re-
ceives the genotypic and phenotypic data. 14. The genotypic and phenotypic results are reviewed along with other
data. 15. A care development plan is made for the patient dependent on pathogen. 16. The results reviewed by the
patient with the clinician. 17. The pertinent genotypic and phenotypic information is then added to health organiza-
tions’ databases automatically or manually by chart review. 18. The information is then integrated into the public
health data repository for possible future use or in evaluating outbreaks/clonality. 19. The data is then possibly re-
viewed by epidemiologists or those studying/researching an outbreak or pathogen if necessary.

6.9. Defined Genetic Testing vs. Expanding Genetic Tests

Different business models are evolving within the genetic testing field, which will have im-
plications for information systems needed. For example, a clinician may order the specific
version of a cardiomyopathy test from lab A, which tests specific regions of specific genes
for the presence of clinically relevant variants. If new regions are found to be associated
with cardiomyopathy, the patient’s DNA may not be retested without a new clinical requisi-
tion. The burden to identify new genetic tests may fall to the genetic counselor or doctor
caring for the patient. Clinical decision systems which support identification of patients
needing follow-up testing or reinterpretation of results would be ideal. However, if the test
is ordered from lab B, lab B will retest the patient’s DNA as new genes/genetic regions are
found to be associated with cardiomyopathy, thereby expanding the genetic test for car-
diomyopathy in perpetuity.

6.10.Patient Panel Management - Analytics for Care Quality
HL7 Clinical Genomics is looking for a partner to help inform this use case.

In addition, the HL7 Clinical Genomics workgroup will be collaborating with the Clinical
Quality Information Workgroup.

Panel management can be defined as set of tools and processes for population care that are
applied systematically at the level of a primary care panel. It typically involves non-physi-
cians who utilize chronic disease registries, electronic health records, and data support tools
to identify missed opportunities for unmet preventative care and chronic disease care, and
who communicate recommendations from the provider to patient. Teams may utilize panel
management to reach out to every patient at each visit, called in-reach, or to address un-
met needs between patient visits, called outreach.

The use of medical assistants or nurses to conduct panel management has been associated
with improved care process outcomes such as improved rates of vaccination, health care

proxy designation, and bone density screening in the care of elderly patients (Loo TS, Davis
RB, Lipsitz LA, et al. Electronic medical record reminders and panel management to improve primary care of el-

derly patients). Practices may use panel management to ask, “Have all of our patients between
50 and 75 years of age received colorectal cancer screening at the appropriate time inter-
vals? Have all of our patients with diabetes had laboratory tests for HbA1c, LDL cholesterol,
and urine microalbumin at the appropriate times?”
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Electronic decision-support systems appear to enhance care, but improving both tools and
work practices may optimize outcomes. Successful panel management programs need to be
supported by computerized clinical support systems that provide relevant care reminders at
the point of care, flexible data registries, and performance feedback. Even in systems with a
panel management support tool, there are barriers to its utilization, such as insufficient
time, competing demands, and suboptimal staffing. Facilitators of panel management in-
clude strong team roles, leadership support and training for tool implementation, and dedi-
cated time for use.

The workflow below details implementation of a panel management program at a primary
care practice.

ey, fE— T_'r"'nﬁ‘¥" \ ¢ \ f \
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Figure 6.10.1 Module for panel management implementation. (1) Red boxes detail pre-implementation EHR configura-
tion. 1. Aregistry is a database with medical information about immunizations, cancer screenings, etc. Many EHR systems
contain a registry function, but it is more common in patient panel management systems to use a separate registry pro-
gram. (2) Green boxes detail practice/staff training protocols for panel management. 5. Many practices use evidence-
based national guidelines for establishing target levels for selected health indicators. (3) Blue boxes detail clinical practices
in a panel management system. 10. Types of care gaps include process care gaps, which include when a patient is overdue
for a service that should be done periodically, and outcome care gaps, which include when a patient is not meeting a goal
range for a particular condition.

FDA Scenarios in Genomics Testing/Reporting

The FDA created precisionFDA, a cloud-based community research and development portal
that engages users across the world to share data and tools to test, pilot, and validate exist-
ing and new bioinformatics approaches to NGS processing. Precision FDA is a live website at
precision.fda.gov and it is a community platform for NGS assay evaluation and regulatory
science exploration.
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PrecisionFDA seeks to advance regulatory science by supplying the genomics community with
a cloud-based platform in which participants can securely share and access datasets, analy-
sis pipelines, and bioinformatics tools. It does not serve a regulatory role-- instead, the goal
of precisionFDA is to allow participants to benchmark their approaches and contribute to
knowledge informing regulatory pathways and decision-making in the field of genomics.

To accomplish this goal, precisionFDA participants can conduct genome analyses and compar-
isons against reference materials, and publish and communicate results, materials, and
tools. Participants include, but are not limited to, FDA and other government agencies, re-
searchers, genome test or software providers, standards-making bodies, and biotechnology
companies.

The workflow below serves as a guide for user interaction with the precisionFDA platform. It
is important to note that the platform is currently still in beta, and features and capabilities
are expected to evolve over time.

6.11.CMS and/or Payor Scenarios

HL7 Clinical Genomics is looking for specific representatives as partners to help inform this
use case.

Centers for Medicare and Medicaid Services (CMS) and commercial payers are determining
rates of reimbursement for genetic and genomic tests that are impacting patient care,
physicians’ abilities to order tests, and abilities to receive adequate reimbursement for tests
performed.

In 2014, the American Medical Association (AMA) issued new current procedural terminology
(CPT) codes for genomic testing. These codes range from 81410 to 81471 (28 codes in total)
and cover testing using targeted panel sequencing (5-50 genes), whole exome sequencing
and whole genome sequencing. While the existence of such codes is a prerequisite for ge-
nomic testing reimbursement, health insurance payers do not automatically cover these
tests.

There are many CPT codes for testing of individual genes or pairs of genes and all such tests
are reimbursed (see below), with reimbursement levels ranging from $58.31 to several thou-
sand dollars. As clinical-grade annotated genetic variant information becomes more broadly
publicly available (see for example ClinVar), it is likely that the clinical utility of multi-gene
genomic testing will become more obvious.

Below are a selection of CPT codes relevant to the use cases described in this document
(AMIA 2016):
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CPT Code Procedure Description 2016
CM

Fe

e
(%)

81415 Exome (eg, unexplained constitutionalor |0
heritable disorder or syndrome);
sequence analysis

81416 Exome (eg, unexplained constitutionalor |0
heritable disorder or syndrome);
sequence analysis, each compara-
tor exome (eg, parents, siblings)
(List separately in addition to
code for primary procedure)

81417 Exome (eg, unexplained constitutionalor |0
heritable disorder or syndrome);
re-evaluation of previously ob-
tained exome sequence (eg, up-
dated knowledge or unrelated
condition/syndrome)

81420 Fetal chromosomal aneuploidy (eg, trisomy | O
21, monosomy X) genomic se-
quence analysis panel, circulating
cell-free fetal DNA in maternal
blood, must include analysis of
chromosomes 13, 18, and 21

81425 Genome (eg, unexplained constitutional or | 0
heritable disorder or syndrome);
sequence analysis

81426 Genome (eg, unexplained constitutional or | 0
heritable disorder or syndrome);
sequence analysis, each compara-
tor genome (eg, parents, siblings)
(List separately in addition to
code for primary procedure)
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81427 Genome (eg, unexplained constitutional or

heritable disorder or syndrome);
re-evaluation of previously ob-
tained genome seq

81432 Hereditary breast cancer-related disorders

(eg, hereditary breast cancer,
hereditary ovarian cancer, hered-
itary endometrial cancer); ge-
nomic sequence analysis panel,
must include sequencing of at
least 14 genes, including ATM,
BRCA1, BRCA2, BRIP1, CDH1,
MLH1, MSH2, MSH6, NBN, PALB2,
PTEN, RAD51C, STK11, and TP53

81433 Hereditary breast cancer-related disorders

(eg, hereditary breast cancer,
hereditary ovarian cancer, hered-
itary endometrial cancer); dupli-
cation/deletion analysis panel,
must include analyses for BRCA1,
BRCA2, MLH1, MSH2, and STK11

81434 Hereditary retinal disorders (eg, retinitis

pigmentosa, Leber congenital
amaurosis, cone-rod dystrophy),
genomic sequence analysis panel,
must include sequencing of at
least 15 genes, including ABCA4,
CNGA1, CRB1, EYS, PDE6A,
PDEé6B, PRPF31, PRPH2, RDH12,
RHO, RP1, RP2, RPE65, RPGR,
and USH2A

81437 Hereditary neuroendocrine tumor disor-

ders (eg, medullary thyroid carci-
noma, parathyroid carcinoma,
malignant pheochromocytoma or
paraganglioma); genomic se-
quence analysis panel, must in-
clude sequencing of at least 6
genes, including MAX, SDHB,
SDHC, SDHD
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81438 Hereditary neuroendocrine tumor disor-

ders (eg, medullary thyroid carci-
noma, parathyroid carcinoma,
malignant pheochromocytoma or
paraganglioma); duplication/dele-
tion analysis panel, must include
analyses for SDHB, SDHC, SDHD,
and VHL

81440 Nuclear encoded mitochondrial genes (eg,

neurologic or myopathic pheno-
types), genomic sequence panel,
must include analysis of at least
100 genes, including BCS1L,
C10o0rf2, COQ2, COX10, DGUOK,
MPV17, OPA1, PDSS2, POLG,
POLG2, RRM2B, SCO1, SCO2,
SLC25A4, SUCLA2, SUCLG1, TAZ,
TK2, and TYMP

81445 Targeted genomic sequence analysis panel,

solid organ neoplasm, DNA analy-
sis, and RNA analysis when per-
formed, 5-50 genes (eg, ALK,
BRAF, CDKN2A, EGFR, ERBB2, KIT,
KRAS, NRAS, MET, PDGFRA,
PDGFRB, PGR, PIK3CA, PTEN,
RET), interrogation for sequence
variants and copy number vari-
ants or rearrangements, if per-
formed

597.9

81450 Targeted genomic sequence analysis panel,

hematolymphoid neoplasm or
disorder, DNA analysis, and RNA
analysis when performed, 5-50
genes (eg, BRAF, CEBPA, DNMT3A,
EZH2, FLT3, IDH1, IDH2, JAK2,
KRAS, KIT, MLL, NRAS, NPM1,
NOTCH1), interrogation for se-
quence variants, and copy num-
ber variants or rearrangements,
or isoform expression or mRNA
expression levels, if performed

648.4
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81455 Targeted genomic sequence analysis panel, | 0
solid organ or hematolymphoid
neoplasm, DNA analysis, and RNA
analysis when performed, 51 or
greater genes (eg, ALK, BRAF,
CDKN2A, CEBPA, DNMT3A, EGFR,
ERBB2, EZH2, FLT3, IDH1, IDH2,
JAK2, KIT, KRAS, MLL, NPM1,
NRAS, MET, NOTCH1, PDGFRA,
PDGFRB, PGR, PIK3CA, PTEN,
RET), interrogation for sequence
variants and copy number vari-
ants or rearrangements, if per-
formed

Figure 6.12-1 PrecisionFDA workflow. 1. Files may be uploaded to precisionFDA according to size. Smaller files may be up-
loaded directly through the user browser and larger files may be uploaded through a precisionFDA secure URL. 2. Precision-
FDA’s comparison method conceptually resembles comparison method #3 of GA4GH benchmarking definitions. 11. Additional
interactions include commenting on and upvoting other users’ notes and discussion threads. 12. Tracking is a precisionFDA
feature that allows a user to investigate the provenance of an item and to generate a provenance graph. 14. The licensing
feature of precisionFDA allows users to protect datasets or software by requiring that users agree to a license agreement
before they can access items.

Mutation and Type Specific Prognosis - Cancer Testing

After mutation type (missense, frameshift, etc) is significantly analyzed through somatic and
tumor based genotyping (see Section 5.3), clinicians will be able to make better informed
prognoses based on the mutation type. The data elements necessary to inform better prog-
noses such as cancer subtype, date of diagnosis, date of death, and the specific mutation
that was detected, can be compiled and further analyzed statistically to produce a more ac-
curate, patient-by-patient based prognosis. In the future as more sequencing data becomes
available, this technique could be extended to variant specific prognoses in addition to mu-
tation specific.

6.12.Clinical Trial Ascertainment and Feasibility

Readily available genomic sequencing and improved interoperability of patient health
records and data can facilitate increased specificity and scope in a clinical trial for a drug.
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Clinical Sequence Workflow - PrecisionFDA
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In the case of a specific cancer, the biopsied tumor tissue will yield a somatic sequence
which can be entered into the National Cancer Institute’s Molecular Analysis for Therapy
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Choice (NCI’s MATCH). In the case of MATCH, the somatic sequencing data will be analyzed
for 143 actionable mutations which have targeted drug therapies available in clinical trials,
then organized into cohorts and administered the treatment as part of the trial. In MATCH
the drugs list is being updated, with drugs being added and removed, and the sequencing is
carried out by the NCI itself. However, similar clinical trial databases can be compatible
with germline and somatic sequencing already part of the patient’s EHR going forward. In
addition to sequencing being used to find compatible patients for clinical drug trials, patient
sequencing databases can be used to determine the feasibility of a trial for specific bio-
markers. Analysis of variant type and frequency can guide drug development by solidifying
the relationship between cancer type and mutation type and then designing a clinical trial
around the presence or absence of a relationship.
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Clinical Trial Ascertainment and Feasability
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Figure 6.13-1: Clinical Trial Ascertainment and Feasibility. 1a. The genetic report is completed. 2a. The clinician
receives structured results into the EHR (this could include the variome in the future). 3a. The clinician then reviews
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the report with other clinical data. 4a. The relevant biomarker data is then either automatically extracted from the
report or is manually entered into the relevant clinical trial database (either government backed like NCI or private).
5a. The patient data is then incorporated into the relevant database. 6a. The data is checked to determine if pa-
tient’s genome is compatible with current or projected clinical trials. 7a. If there is a trial, this information is sent
back to the clinician for review of the trial. 8a. The patient can then review the trial before making a decision. Al-
ternate trial ascertainment: 1b. A new or an updated trial is added to the system with new/updated biomarkers and
trial information. 2b. Previously input data is then screened to see if compatible subjects for the trial. 3b. Clinician
is alerted if a patient qualifies for a new trial. 4b. The patient can review the trial before entering the trial. Trial
feasibility determination: 1c. A new biomarker is considered for development/trial. This biomarker is entered into
the system. 2c. The database is screened to determine if a trial would be feasible for the developer and if there are
enough subjects that qualify to get the trial. If so the trial is then added. 3c. The clinician is alerted that the patient
now qualifies for a new trial. 4c. The patient may review the trial before entering the trial.

6.13.Genome-Directed Treatment and Dosing (Cancer)

In the case of specific cancers, different treatments may be more or less effective depend-
ing on the genotype of tumor or somatic cells (see Section 5.3 for somatic genotyping work-
flow). The case of genome directed treatment dosing is similar to that of the drug dosage
calculator (see Section 5.4), but the dosage of specific drugs is affected by the presence or
absence of specific genes or variants. In a study on the effectiveness of imatinib on chronic
eosinophilic leukaemia (CEL) and hypereosinophilic syndrome (HES), the drug dosage was dif-
ferent for patients with two distinct, molecular abnormalities - i.e. the presence or absence
specific fusion genes (Metzgeroth et al. 2008). Another study developed a drug dosage algo-
rithm for warfarin using genetic polymorphism of two specific genotypes in addition to age
and height (Sconce et al. 2005). Different variants can result in different active sites or even
a resistance to a drug and can be taken into account when prescribing a drug and drug
dosage.

Neoantigens and Immunotherapy Response (Cancer)

A relatively novel and exciting treatment for certain types of cancer is the use of antibodies
to target antigens, eliciting an immune response in a patient that attacks the cancer cells.
This treatment along with certain vaccinations and immune checkpoint inhibitors are
grouped together as types of immunotherapy. Tumor cells can acquire clonal neoantigens,
i.e. present throughout all tumors, that can promote and be affected by a T cell immune re-
sponse (McGranahan et al. 2016). Clonal neoantigens are determined by genome/exome se-
quencing, and the type and frequency relative to a specific cancer can be recorded through
an antigen database similar to HLA typing. Using a the neoantigen data of a patient, person-
alized vaccines and cell therapies can be developed and specific immunoreactivity can be
modeled and predicted
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6.14.Proteomics

Mass spectrometry-based proteomics has emerged as the leading method for detection,
quantification, and characterization of proteins. Proteogenomics enables the detection of
proteomic variations and can be defined, broadly, as the use of nucleotide sequences to
generate candidate protein sequences for mass spectrometry database searching. Proteoge-
nomics is experiencing

May 2018
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Figure 6.17-1: Clinical Proteomics Workflow

heightened significance due to two developments: (a) next-generation sequencing tech-
niques, and (b) the revelation of the tremendous complexity of the human proteome as ex-
pressed at the levels of genes, cells, tissues, individuals, and populations. In the clinical lab-
oratory, the method(s) used will depend upon the goal of the analysis, taking into considera-
tion the costs and benefits associated with each methodology.

Furthermore, as clinical proteomics is increasingly developed as a field, more complex
analysis techniques are emerging. Here we put forth a sample workflow for the analytical, or
“Testing” portion of the general clinical proteomics workflow.
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Figure 6.17-2: Proteomics Laboratory Workflow. 1 Samples are usually depleted of complexity/enriched for a specif-
ic analyte of interest prior to analysis. 2 Extraction and digestion by organic solvents for protein quantitation. 3 By
chromatographic separation and affinity purification. 4 Various mass spectrometric methods have been developed for
clinical proteomics, such as MALDI-TOF MS. 5. Novel technologies for clinical proteomics data processing include SRM,
MRM for relative or absolute quantitation and PASSEL for meta-analyses.
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6.15.RNA-Sequencing

With the emergence of novel RNA sequencing (RNA-seq) technologies, RNA-based biomole-
cules hold expanded promise for their diagnostic, prognostic and therapeutic applicability in
various diseases, including cancers and infectious diseases. Detection of gene fusions and
differential expression of known disease-causing transcripts by RNA-seq represent some of
the most immediate opportunities. However, it is the diversity of RNA species detected
through RNA-seq that holds new promise for the multi-faceted clinical applicability of RNA-
based measures, including the potential of extracellular RNAs as non-invasive diagnostic in-
dicators of disease. Ongoing efforts towards the establishment of benchmark standards, as-
say optimization for clinical conditions and demonstration of assay reproducibility are re-
quired to expand the clinical utility of RNA-seq.
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Clinical Sequence Workflow - RNA-Seq
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Figure 6.17-1 RNA-Seq workflow.
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7. Clinical Genomic Standard Use Cases and Applications

A majority of the use cases outlined above are fairly general and ubiquitous across plat-
forms. It is particularly important for expanded interoperability that a genomic standard and
applications have semantic, if not syntactic, similarities. For example, in terms of describing
diplotypes, there can be different types of data - the way one refers to the original list of
variants and possibly about a specific allele associated with a diplotype - which must be con-
sistent across the platforms. The following describes some scenarios that a clinical genomic
standard may support.

7.1. Scenario 1: Clinical DecisionMaking Alerts

As the technology develops and clinical genomics becomes more widely implemented, a va-
riety of applications will be developed to aide in clinician care. One of these applications is
the clinical decision making alert system. The alert system would provide the clinician with
a ‘pop-up’ message with suggestions for the clinician’s consideration prior to the ordering of
tests, development of treatment, or prescribing of drugs. The alert system would recom-
mend new tests as they become available and as new genes are discovered for conditions on
the patient’s problem list (e.g. cardiomyopathy). The application would advise clinicians of
FDA approved/required companion diagnostics for specific drugs (e.g. EGFR test for TKA in-
hibitors in NSCLC). The application would also aid in safe prescription of drugs, notifying the
clinician if there is a discrepancy between diagnosis, drug prescription, and drug dosage and
offering a recommendation based on previous similar cases.

7.2. Scenario 2: Search

Clinical genomics should facilitate the ability to search sequences, cohorts, and medical
data with ease. The ability to easily go back or search into files is important in streamlining
precision medicine. In order to implement robust searches across multiple platforms, ge-
nomic data needs to be standardized and structured.

7.3. Scenario 3: Data Aggregation

Clinical genomics should facilitate the congregation of relevant genetic data with other
medical data on a patient-by-patient basis. A genomic standard should enable applications to
combine the results of multiple genetic tests for a patient into an accessible and compre-
hensive file. Further, different tests and information from pathology, surgery, and radiology
can be combined with the genetic data into a single view.

8. Variant Classification

8.1. Variant Type by Genomic Source - Germline, Somatic, Prenatal/Fetal, Micro-
bial
As noted in the discussion of specimen, variants need to be clearly defined as germline, so-

matic, prenatal, microbial, or unknown origin, when reporting into the electronic health
record. In this way, variants will be appropriately contextualized for use.
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8.2. Variant Type by Size and Characteristics

Supports the reporting of DNA variants identified within a gene, by sequencing or genotyping
technology, with or without interpretation.

8.3. Structural Variants/Rearrangements

HL7 Clinical Genomics standards support reporting of these variants using ISCN (International
Standard of Cytogenetic Nomenclature). These standards will be extended for identification
of rearrangements using NGS technologies; however, to our knowledge the field has not yet
adopted a uniform representation. Some options for consideration include dbVar (dbVar
Variant Call Submission Format Guidelines) and HGVS extensions (Taschner & den Dunnen
2011).

8.4. Copy Number Change

HL7 Clinical Genomics standards will be extended for identification of copy nhumber variants
using NGS technologies; however, to our knowledge the field has not yet adopted a uniform
representation.

8.5. Biomarkers

These standards will be extended for machine-readable coding of Biomarkers with mapping
to genomic coordinates; however, to our knowledge the field has not yet adopted a uniform
approach. A likely solution would be the encoding of Biomarkers in MedGen (NCBI’s medical
conce%téigtabase; http://www.ncbi.nlm.nih.gov/medgen) with mapping to variants in Clin-
Var an Var.

9. Testing Platforms and Variant Representation

9.1. Relative Number of Next Generation Sequencing Tests

NCBI’s Genetic Test Repository (NCBI’s GTR at http://www.ncbi.nlm.nih.gov/gtr/) currently
lists (as of December 2016) over 48,000 tests for 10,600 conditions and 16,200 genes from
483 laboratories. Of these, 1711 clinical tests (for 3718 conditions) in 54 laboratories are
based on Next-Generation (NGS)/Massively parallel sequencing (MPS) methods. This repre-
sents approximately 9% of all registered tests. That is, the vast majority of genetic tests list-
ed in the GTR are performed on other genetic testing platforms. By comparison, 14304 tests
for 3590 conditions in 176 laboratories use Sanger Sequencing Analysis, representing approx-
imately 75% of all listed tests.
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9.2. Different Testing Platforms

Sanger Next Generation
Genetics Sequencing Sequencing (NGS)
Testing Kits CONA snippets anatytic level genomics analytic level

cDNA srippets analytic level

varianly often reported with

vonents often reported with

genomic build.version

\ e e et HGVS name with h
) ported . r
HGVS name reference sequence.version ";u:::ff’:‘;k

e v nucleotide start /

ondy/¢ / = 4 f

commen name/biomarker ./ nucleotide stop re efen(z:z::::::{:m'm)
N - reference allele ; bt
observed allele St

reference allele
observed allele -

< More Human Comprehensible More Machine Readable >

Extension of HL7’s clinical genomic reporting standards need to support interoperability
across testing platforms, drive translation of machine readable formats into those readily
understood by clinicians, and guide implementers in how to most fully and unambiguously
represent genetic/genomic data. For a more comprehensive discussion on the topic, see Sec-

tion 4.

HL7 Domain Analysis Model: Clinical Genomics Page 78 of 96

©2018 Health Level Seven International. All rights reserved.



9.2.1.DNA Variant Detection Approaches

HL7 Clinical Genomics DAM: Clinical Genomics

May 2018

Technolo- Analytic Use Case Common Methods of Variant Def- Notes
gy Level inition
Cytogenet- | Chromosome | Prenatal e Chromosome
ics testing e Banding pattern using ISCN
Nomenclature based on ref-
erence ‘map’ of normal
Genetic Nucleotide | Most of e HGVS at cDNA level Testing context is
Testing snippets, current or aligned with clinical un-
Kits often with clinical e Biomarker derstanding, making re-
cDNA con- genetic sults more actionable to
text testing a greater number of clin-
icians
Sanger Se- | Regional Smaller e RefSeq (cDNA, genomic) Start, stop, and nu-
quencing | variant in- targeted e Start/stop cleotide information is
vestigation |sequenc- | e Reference nucleotide denoted following HGVS
using cDNA, |ing tests e Observed nucleotide nomenclature.
or genomic Additional: Current software does
reference e Biomarker (optional) not denote genomic co-
ordinates. RefSeq is
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U.S.A, but EBI-based
identifiers may be used
in Europe.
NGS Genomic, or | Germline | e Genomic build.version NGS is used for whole
regional / e Chromosome genome, whole exome,
(genomic somatic e Start large gene panels, or
contig, also e Stop single gene or region
cDNA) ® Reference nucleotides
e Observed nucleotides
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ality
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® HGVS nomenclature at cDNA
level
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NGS Genomic, or |HLA e Genomic reference se- HLA regions are not in-
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contig,also tection against assembled reference sequences
cDNA) cDNA must be used
e Start
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e Reference nucleotides
e Observed nucleotides
Additional:
e HLA specific nomenclature
9.2.2.

HL7 Domain Analysis Model: Clinical Genomics
©2018 Health Level Seven International. All rights reserved.

Page 79 of 96



HL7 Clinical Genomics DAM: Clinical Genomics May 2018

9.3.Extension of Sequence Variation And Cytogenetic HL7 Models

Current HL7 standards for sequence variation and cytogenetic findings use established clini-
cal standards. These will be extended to support inclusion of established bioinformatics rep-
resentation, to support linking to research and clinical information systems.

11. Genetic/Genomic Standards in Healthcare IT

The following subsections list recommendations for specific nomenclatures (e.g. HGVS), field
standards (e.g. reference sequences), public repositories and knowledge bases, along with a
discussion on how to use them (e.g. dbSNP contains somatic and pathogenic variants not just
polymorphisms). In addition, OIDs registered at HL7 for these nomenclatures are listed here
as well as indication to whether this should required or optional.

11.1. Genes
HGNC ID (required)

Table 10-1 - HGNC

Code sets, vocabularies,
terminologies and
nomenclatures that HGNC
need to be constrained

OID 2.16.840.1.113883.6.336

Minimum attributes of Gene ID
the component

Other Comments Human Gene Nomenclature Committee (HGNC maintains a
database of gene names and symbols. They are a non-profit
body which is jointly funded by the US National Human
Genome Research Institute (NHGRI) and the Wellcome Trust
(UK). They operate under the auspices of Human Genome
Organization. The database can be found at http://www.-
genenames.org/. HGNC carries the Gene ID, gene symbol,
and full name, however gene symbols and names are subject
to change overtime so the Gene ID is used.

11.2.Sequence Variations
HGVS (optional, recommended)

Table 10-2 - HGVS
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Code sets, vocabularies,
terminologies and
nomenclatures that nee
to be constrained

4 HGVS

OID

2.16.840.1.113883.6.282

Minimum attributes of
the component

Sequence variation

Other Comments

Human Genome Variation Society (HGVS) Nomenclature stan-
dards for the description of sequence variations are main-
tained at http://varnomen.hgvs.org/. This standard is well
accepted by the clinical genetic community and is extended
on an ongoing basis to support genetic findings. Several
freely available tools and libraries exist to manipulate HGVS-
formatted variants. While HGVS may be preferred for human
readability, it should not be relied upon for computability or
as primary identifier in EHRs.

dbSNP (optional, highly recommended)

Code sets, vocabularies,
terminologies and
nomenclatures that nee
to be constrained

Table 10-3 - dbSNP

d dbSNP

OID

2.16.840.1.113883.6.284

Minimum attributes of
the component

RS number and nucleotide change

Other Comments

The Single Nucleotide Polymorphism database (dbSNP). Is
maintained by National Center for Biotechnology Informa-
tion. Available at: http://www.ncbi.nlm.nih.gov/projects/
SNP/ Databases and knowledgebases defining sequence vari-
ants will be increasingly important. Although sequencing
based tests which can result in the identification of novel
variants require HGVS nomenclature standards for complete
results reporting, genotyping tests which probe for the exis-
tence of known variants can additionally report results using
an ‘RS number’ (i.e. identifier in dbSNP) and the associated
nucleotide chanl_g‘e. gWithin the clinical environment results
reporting using HGVS nomenclature is required with an op-
tion to additionally specify the RS number.)
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COSMIC (optional)

Variants/Variants can also be reported with a COSMIC variant identifier associating the find-
ings with internationally compiled cancer variant data.

Table 10-4 - COSMIC

Code sets, vocabularies,
terminologies and
nomenclatures that
need to be constrained

COSMIC (Catalogue Of Somatic Mutations In Cancer)

Responsible Body Sanger Institute

OID 2.16.840.1.113883.3.912

Minimum attributes of
the component COSMIC ID

Other Comments Catalogue Of Somatic Variants In Cancer (COSMIC) serves as a
repository for somatic variants identified in specific cancer
specimens. These variants are recorded associated with
structured description of the specimen.

Available at: http://www.sanger.ac.uk/genetics/CGP/cos-
mic/

11.2.1.Reference Sequences (Required)

Reference sequences are the baseline from which variation is reported. For example, se-
quence variants are identified in a patient by comparing the patient’s DNA sequence to a
reference sequence standard, used in the laboratory. Typically, differences between the pa-
tient and reference sequence are called sequence variation and are cataloged, interpreted
and reported.

Documentation of the reference sequence used is becoming increasingly important for nor-
malization of results between laboratories. To meet this need NCBI is cataloging reference
sequences used in clinical testing in the Core Nucleotide Database and can be referred to
through the RefSeq identifiers. In collaboration with NCBI, the European Bioinformatics Insti-
tute (EBI) is also developing a database of reference sequences called Locus Reference Ge-
nomic Sequences (LRG). The standard is still in draft status. Importantly, NCBI’s RefSeq and
EBI’'s LRG will contain the same reference sequences, annotations and cross references to
each other.
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Table 10-5 - RefSeq

RefSeq

OID

2.16.840.1.113883.6.280

Minimum attributes of
the component

RefSeq ID

Other Comments

National Center for Biotechnology Information (NCBI) Refer-
ence Sequences contained in Core Nucleotide database.
(Note version numbers are required to uniquely identify the
reference.) Available at: http://www.ncbi.nlm.nih.gov/nuc-
core?db=nuccore

Code sets, vocabularies,
terminologies and
nomenclatures that
need to be constrained

Table 10-6 - LRG

LRG

OID

2.16.840.1.113883.6.283

Minimum attributes of
the component

LRG ID

Other Comments

Locus Reference Genomic Sequences an emerging standard
led by the European Bioinformatics Institute.

Available at: http://www.ebi.ac.uk/ebisearch/search.ebi?
db=lrg&t=gene

And http://www.lrg-sequence.org/page.php
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11.2.2.Publicly Available References (for clinical and translational genomics)
OMIM (optional)

Clinical genetic/genomic results can be reported with an OMIM ID for association to relevant
information in the OMIM knowledgebase, which contains a compendium of information on
genetic based disease, genes and variants.

Table 10-7 - OMIM

Code sets, vocabularies,

F]%%nelﬂgtg?’&iésa?ﬁat OMIM (Online Mendelian Inheritance in Man)

need to be constrained

Responsible Body Johns Hopkins

OID 2.16.840.1.113883.6.174

Minimum attributes of
the component OMIM 1D

Knowledgebase for genes, variants/variants and genetic
based phenotypes. Note this information includes somatic or
acquired variants/variants and phenotypes and is not limited

to inherited variants/variants and phenotypes.
Other Comments

Available at: http://www.omim.org/ and through NCBI at
http://www.ncbi.nlm.nih.gov/omim

Additionally, dbSNP contains links to variants in OMIM.

PubMed (optional)

Coding of references may include PubMed IDs to peer-reviewed medical literature.

Table 10-8 - PubMed

Code sets, vocabularies,
terminologies and

nomenclatures that PubMed
need to be constrained
Responsible Body United States National Library of Medicine
oD 2.16.840.1.113883.13.191
HL7 Domain Analysis Model: Clinical Genomics Page 84 of 96

©2018 Health Level Seven International. All rights reserved.


http://www.omim.org/
http://www.ncbi.nlm.nih.gov/omim

HL7 Clinical Genomics DAM: Clinical Genomics May 2018

Minimum attributes of
the component

PubMed ID

Other Comments

“PubMed comprises more than 20 million citations for bio-
medical literature from MEDLINE, life science journals, and
online books. Citations may include links to full-text content
from PubMed Central and publisher web sites.”

Available at: http://www.ncbi.nlm.nih.gov/pubmed/

PharmGKB (optional)

PharmGKB IDs to community curated information on emerging pharmacogenomic associa-

tions.
Table 10-9 - PharmGKB
Code sets, vocabular-
]neg‘r’néircrp;?ﬁrlg?]ﬁa?nd PharmGKB (Pharmacogenomic Knowledge Base)
need to be constrained
Responsible Body Stanford University, Department of Genetics
oID 2.16.840.1.113883.3.913
Minimum attributes of
the component PharmGKB ID
The mission of PharmGKB is “to collect, encode, and dissem-
inate knowledge about the impact of human genetic varia-
tions on drug response. We curate primary genotype and
Other Comments phenotype data, annotate gene variants and gene-drug-dis-
ease relationships via literature review, and summarize im-
portant PGx genes and drug pathways.”
Available at: http://www.pharmgkb.org/
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ClinicalTrials.gov (optional)

ClinicalTrials.gov ID maybe transmitted as part of the interpretation indicating for which
clinical trials the patient may qualify.

Table 10-10 - ClinicalTrials.gov

Code sets, vocabular-
ies, terminologies and
nomenclatures that
need to be constrained:

ClinicalTrials.gov

U.S. National Institutes of Health and Lister Hill National

Responsible Body: Center for Biomedical Communications

OoID 2.16.840.1.113883.3.1077

Minimum attributes of

the component: ClinicalTrials.gov Identifier

“ClinicalTrials.gov is a registry of federally and privately sup-
ported clinical trials conducted in the United States and
around the world. ClinicalTrials.gov gives you information
about a trial's purpose, who may participate, locations, and

Other Comments: phone numbers for more details. This information should be
used in conjunction with advice from health care profession-
als.”

http://clinicaltrials.gov/ct2/home

Vocabulary Constraints

Ideally, binding to vocabularies should be part of constraining HL7 Clinical Genomics specifi-
cations consistent with the CG DAM and DIM. Constraining is typically done as part of an im-
plementation guide over a universal specification. For example, the HL7 v2.5.1 Lab message
was constrained in a US-Realm specific implementation guide for genetic testing results. As
part of this constraining process, message fields were bound to LOINC codes (see the Ap-
pendix for examples). Also, the Clinical Document Architecture (CDA) was constrained, re-
sulting in a universal implementation guide for genetic testing reports (GTR). In the GTR, the
same LOINC codes were given as example vocabularies to bind to from the class attributes of
the CDA.

Given the rapidly-changing nature of the clinical genomics field, it is preferable to have HL7
specifications bound to instances dynamically, so that a code is drawn from the most up-to-
date vocabulary / value-set. It is important to note that dynamic binding requires strict
compliance with indication of the coding system ID, hame and precise version when binding
is done at instantiation time (with the assumption that the coding system is well controlled
and maintained independently).

Nevertheless, it is important to highlight here the type of concepts already coded in LOINC:

e Designating other coding systems and nomenclatures crucial for genomics, e.g. HGNC,
dbSNP, HGVS, RefSeq, LRG, etc.
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e Publicly available knowledge bases, e.g. OMIM, PubMed, PharmGKB, ClinicalTrials.gov,
etc.

e (odes designating basic concepts, e.g. DNA region name, Amino acid change, Allele
name, Medication assessed, Genetic disease analysis overall interpretation, Drug efficacy
sequence variation interpretation, etc.

e Value sets designating possible types of a concept, the concept Amino acid change type
can be Wild type, Deletion, Duplication, Frameshift, Initiating Methionine, Insertion, In-
sertion and Deletion, Missense, Nonsense, Silent or Stop codon variant.

For more information, see http://loinc.org/.

Review of Existing HL7 Clinical Genomics Specifications

11.3.HL7 V2 Genetic Test Result Message

The Genetic Test Result Reporting message is defined by a set of four nested LOINC panels,
which serve as templates for the messages. In general, LOINC panel definitions include one
LOINC code to identify the whole panel and a set of LOINC codes for each child element of
that panel. A child element can also be a LOINC panel, and such panels can repeat, to pro-
vide a structure that can accommodate many reporting patterns. For each such child ele-
ment, the panel definition also includes its data type, units of measure, optionality and an-
swer list, as applicable. The definitional information for the four panels used to report Ge-
netics Test Result Reports is included in the HL7 2.5.1 implementation guide at: http://
www.hl7.org/implement/standards/product_brief.cfm?product_id=23

In a message, the first panel is the master panel for the reporting of genetic analysis. The
first child panel delivers an overall summary of the study results and includes options for re-
porting the traditional narrative report, the overall study impression, and a few other items.
Depending on the study being reported, the summary panel may contain variables required
to summarize a pharmacogenomics study, or those required to summarize the genetic find-
ings associated with a disease or the risk of a disease. Next comes the discrete results panel,
which contains the detailed results payload in a series of one or more “DNA sequence analy-
sis discrete sequence variation panels”. This last panel repeats as many times as needed to
report all of the variations of interest.

For more information, please refer to:

Version 2 Implementation Guide: Clinical Genomics; Fully LOINC-Qualified Genetic Variation Model, Release 1

(US Realm)

11.4.Fast Healthcare Interoperability Resources (FHIR) Genomics

FHIR Genomics is a subset of FHIR maintained by the HL7 Clinical Genomics Workgroup to
cover clinical genomics. An implementation guidance document describes this here: http://
hl7.org/fhir/2016Sep/genomics.html

Rather than messages or documents, FHIR contains discrete resources (as well as profiles and
extensions) to capture information and make it available via an API. It uses standard web-
based technologies (HTTP-based RESTful protocol, HTML and Cascading Style Sheets for user
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interface integration, and JSON/XML. It was designed to capture the use cases described in
this document.
11.5.HL7 CDA Implementation Guide for Genetic testing reports

The Clinical Genomics Work Group developed a CDA Implementation Guide (IG) for genetic
testing reports, with the support of the Structured Documents Work Group. The main pur-
pose of this IG is to specify a Universal document standard for a Genetic Testing Report
(GTR) typically sent out from a genetic laboratory to recipients who ordered the report. The
GTR IG targets both human viewing and machine processing by representing the data in a
renderable format along with structured entries; these entries are associated by ‘clinical ge-
nomic statement’ templates defined by this guide, which could empower clinical decision
support by conveying clinical genomics semantics in an explicit way. This guide is defined as
‘Universal’ as it is flexible enough to accommodate various use cases, e.g. in translational
medicine and clinical environments or of different genetic testing types.

For more information see:

http://www.hl7.org/implement/standards/product_brief.cfm?product_id=292

11.6.Family History

A minimal core data set for family history can be found at in the ONC/HHS family history
data requirements as developed by the multi-stakeholder workgroup (available at: http://
healthit.hhs.gov/portal/server.pt/community/use_cases_and_requirements_documents/
1202/personalized_healthcare/15671)

11.7.Sequence Variations / Chromosomal change

11.7.1.Small Genetic Variations within a Gene

HL7 Clinical Genomic standards support the reporting of small genetic variants/mutations
identified within a gene using v2.5.1 Implementation Guide for Laboratory Reporting

HL7 Version 2 Implementation Guide: Clinical Genomics; Fully LOINC-Qualified Genetic
Variation Model, Release 2

http://www.hl7.org/implement/standards/product_brief.cfm?product_id=23
And the v3 CDA Reporting specification:

HL7 IG for CDA R2: Genetic Testing Reports, Release 1 - GTR
http://www.hl7.org/implement/standards/product_brief.cfm?product_id=292

11.7.2.Structural Variations

HL7 Version 2 Implementation Guide: Clinical Genomics; Fully LOINC-Qualified Cytoge-
netic Model, Release 1

http://www.hl7.org/implement/standards/product_brief.cfm?product_id=364
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HL7 Encapsulation of Raw Genomic Data

With a growing stream of raw data in research and clinical environments, it is important to
develop approaches to extract subsets that have clinical relevance. Types of data include
medical imaging information, health sensor data, and DNA sequences (especially clinically
significant variants found in such). Each data type typically has a common format developed
by its respective professional community. These data should be encapsulated using such for-
mats in medical records so that they can be referenced as evidence supporting analysis re-
sults and be reassessed when needed.

Accordingly, the clinical genomics standard specifications should support the encapsulation
of raw genomic data through specialized constructs capable of holding bioinformatics formats
along with placeholders of key dataitems extracted from the raw data and optionally associ-
ated with phenotypic data. For example, if a patient’s DNA sequences are the raw data, then
extracted data may be the variants found in these DNA sequences that are associated with
responsiveness to drugs relevant to the treatment for that patient.

Clinical Grade-Genomic Data File Standards

There is a lack of adopted standards for clinical Next Generation Sequencing (NGS) based
representation of sequence variants and haplotypes in bioinformatics format. To address the
lack of data content standards, the US Centers for Disease Control (CDC) together with other
federal partners (FDA, NIST, NCBI) established the Clinical-Grade Variant File Specification
Workgroup (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5417043/) that includes infor-
maticians, platform and software developers, clinical laboratory directors, translational re-
searchers, representatives from a laboratory accrediting body and the HL7 Clinical Genomics
workgroup. The Domain Analysis Model will continue to be informed by and inform these ef-
forts.

Gaps & Extensions

11.8.Laboratory order entry

One significant gap is the need to develop a laboratory order implementation guide for clini-
cal sequencing/molecular diagnostics, which is capable of including relevant clinical history
and a fully structured family history with familial variants and risk assessment. While many
laboratories currently use electronic ordering, some laboratory orders are still paper- or
PDF-based. However, as genetic analysis becomes a standards part of clinical care, paper-
based order entry will not scale.
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12.Future Considerations

1. Will electronic health records (EHR) incorporate a genomic repository housing a pa-
tient’s genome/variome for access on demand, much as images are stored in PACS
(picture archiving and communication system), or will EHRs contain a pointer to a
centralized repository?

2. Will laboratories continue to sequence a patient’s DNA repeatedly for each time a test
is ordered, or will a sequence be performed once and many conclusions drawn from
the one sequence?

A possible solution to these questions is encapsulation of key genomic data into health-
care standards, while keeping pointers to the raw data on the one hand and associations
with clinical data (phenotypes) on the other.

Glossary

aCGH: analyzes specific amplifications and deletions of the genome. aCGH enables the de-
tection of gains and losses of genetic material in specific high resolution regions of genome
(10 to 100 times higher than traditional techniques), depending on the analysis platform
used. It also provides a more accurate assessment of chromosomal anomalies and gene dele-
tions or rearrangements than FISH.

Biomarker: Short for a biological marker, a site that indicates a specific/distinct biological
function that plays a role in infection, cancer, or disease of some kind. Provides a target for
drugs.

Genome: Nucleic acid component of the genetic material of an organism. For many organ-
isms it is DNA, but can be RNA in certain viruses.

Germline: Related to cells whose DNA may be passed to the next generation in reproduction.

HLA: Human Leukocyte Antigen - a group of genes that code for surface proteins responsible
for a proper immune response. HLA typing is the sequence and check for compatibility of
those antigens.

Metabolism: the cellular and molecular processes involved in processing materials and ener-
gy to maintain the organism’s living state.

NGS: Next Generation Sequencing - methods of sequencing faster and more efficient than
traditional Sanger sequencing. Includes massive parallel sequencing (MPS or “shotgun” se-
quencing) among other techniques. Requires software to decode.

Sequence Variation: General variation from a common DNA reference sequence and syn-
onymous with variant.

Somatic: Related to non-germline cells such that DNA material is not passed on to next gen-
eration.

Transcoding: Process of converting genetic data from a bioinformatic representation into a
clinical representation, following healthcare IT data standards.

Variant: A single change in the typical DNA sequence. Commonly SNPs (single nucleotide
polymorphism - or a sequence with one nucleotide different) or mutations.
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Variome: Variation from a reference sequence. A patient’s DNA sequence can either be
stored as a true sequence of nucleotide as a series of variations from a common reference
sequence.
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Appendix - LOINC Codes

See Section 12 for a description of LOINC Code use. Additional LOINC codes by CPIC can be
found in PMID 27441996 (supplementary material, tables S4 and S5).
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12.1.LOINC Code Examples

LOINC | Name Description/Comments
51963 | Medication Assessed | A coded medication accessed in a pharmacogenetic test (recommend
-7 RxNorm).
51964 | Drug Efficacy Analysis | Overall predicted phenotype for drug efficacy for all DNA Sequence Varia-
-5 Overall Interpreta- tions identified in a single case. LOINC Answer List values can be seen in
tion table below.
51967 | Genetic disease as- A coded disease which is associated with the region of DNA covered by the
-8 | sessed genetic test (recommend SNOMED).
51969 | Genetic analysis Narrative report in disease diagnostic-based format, which is used for
-4 | summary report pharmacogenomic reporting as well and disease risk or diagnosis. These
reports currently follow the same formatting recommendations.
51971 | Drug metabolism Overall predicted phenotype for drug metabolism for all DNA Sequence
-0 [ analysis overall in- Variations identified in a single case. LOINC Answer List values can be seen
terpretation in table below.
53039 | Genetic Disease Carrier Identification interpretation of all identified DNA Sequence Varia-
-4 | Analysis Overall Car- | tions along with any known clinical information for the benefit of aiding
rier Interpretation clinicians in understanding the results overall. LOINC Answer List values
can be seen in table below.
1 2. 2.

12.2.LOINC Answer Lists
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LOINC Sequence Answer text LOINC Answer Code

51964-5 1 Responsive LA6677-4
2 Resistant LA6676-6
3 Negative LA6577-6
4 Inconclusive LA9663-1
5 Failure LA9664-9

51971-0 1 Ultrarapid metabolizer LA10315-2
2 Extensive metabolizer LA10316-0
3 Intermediate metabolizer LA10317-8
4 Poor metabolizer LA9657-3
5 Inconclusive LA9663-1

53039-4 1 Carrier LA10314-5
2 Negative LA6577-6
3 Inconclusive LA9663-1
4 Failure LA9664-9

12.3.
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12.3.LOINC Pharmacogenetic Interpretation Codes
Source: Caudle et al. 2016

May 2018

LOINC LOINC Component Answer List
50956-2 | HLA-B*57:01 Positive vs. negative
57979-7 | HLA-B*15:02 Positive vs. negative
79711-8 | HLA-B*58:01 Positive vs. negative
79712-6 | HLA-A*31:01 Positive vs. negative
79713-4 | TPMT gene product metabolic activity interpretation Metabolizer status
79714-2 | CYP2C19 gene product metabolic activity interpretation Metabolizer status
79715-9 | CYP2D6 gene product metabolic activity interpretation Metabolizer status
79716-7 | CYP2C9 gene product metabolic activity interpretation Metabolizer status
79717-5 | CYP3A5 gene product metabolic activity interpretation Metabolizer status
79718-3 | UGT1A1 gene product metabolic activity interpretation Metabolizer status
79719-1 | DPYD gene product metabolic activity interpretation Metabolizer status
79720-9 | CYP2B6 gene product metabolic activity interpretation Metabolizer status
79721-7 | CYP4F2 gene product metabolic activity interpretation Metabolizer status
79722-5 | SLCO1B1 gene product functional interpretation Functional status

12.4.LOINC Answer Lists for Pharmacogenetic Interpretation Codes
Source: Caudle et al. 2016

Answer List Answer ID Answer (CPIC Phenotype Term]
Positive vs. negative
LA6576-8 Positive
LA6577-6 Negative
Metabolizer Status
LA10315-2 Ultrarapid metabolizer
LA25390-8 Rapid metabolizer
LA25391-6 Normal metabolizer
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LA10317-8 Intermediate metabolizer

LA9657-3 Poor metabolizer
Functional Status

LA25392-4 Increased function

LA25393-2 Normal function

LA25395-7 Decreased function

LA25394-0 Poor function
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